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^ ' Abstract 

cn ; 

I The differential cross section and the polarization observables for A-isobar produc- 

QQ ' tion in the deuteron electrodisintegration process, e~ + d — > e~ + A + A^, are calcu- 

. lated in a general formalism based on structure functions. The obtained expressions 

^ I have a general nature, hold for one-photon~exchange, assuming P-invariance of the 

electromagnetic interaction and the conservation of the hadron electromagnetic cur- 
rent. The dependence of the differential cross section of the e~-|-(i— >e~-|-A-|-iV 
5^ I reaction on the vector and tensor polarizations of the deuteron target with unpolar- 

ized and longitudinally polarized electrons is considered. The general dependence of 
the asymmetries on two of five kinematic variables, the azimuthal angle (p and e (lin- 
ear polarization of the virtual photon) is calculated. A similar analysis is performed 
for the polarization of the nucleon produced in j*d AN reaction provided the 
electron beam is unpolarized or longitudinally polarized. Polarization effects, which 
are due to the strong AA^— interaction in the final state are calculated. The photo- 
production of the A-isobar on the deuteron target has been considered in detail, as 
a particular case. The differential cross section and various polarization observables 
have been derived in terms of the reaction amplitudes. The polarization observables 
due to the linear and circular polarizations of the photon, when the deuteron target 
is arbitrarily polarized have been derived in terms of the reaction amplitudes. The 
polarization of the final nucleon is also considered. 
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1 Introduction 



It is well known, that the A resonance dominates in the pion production 
processes and plays an important role in the physics driven by the strong in- 
teraction. Moreover, the mechanism of A resonance excitation has a dominant 
role in various nuclear phenomena at energies higher than the pion-production 
threshold (for the details see the reviews [1]). 

High-precision measurements of the N ^ A transition induced by photon 
(real or virtual) became possible with the availability of high-intensity GeV- 
cncrgy electron beam facilities (such as Jefferson Laboratory, Bates, ELSA, 
MAMl) and of the high performance spectrometers, detectors and polarime- 
ters (for recent review see [2]). It was predicted theoretically and proved ex- 
perimentally that the electromagnetic N A transition is dominated by the 
magnetic (Ml) dipole transition and that the two other quadrupole transi- 
tions (electric {E2) and Coulomb (C2)) are small. At moderate (transfer 
momentum squared) the ratios E2/M1 and C2/M1 are at the level of a few 
percent. 

The data on the 7i~p channel (both for the case of the photoproduction and 
elcctroproduction) from a neutron (deuterium) target are rather scarce, but 
of current interest in various accelerators. For example, recent results have 
been obtained to measure cross sections and various polarization observables 
for the TT+n [3] and 7r~p [4] channels and a program is ongoing at Jlab (CLAS 
collaboration) . 

The processes of the A-isobar excitation in the scattering of the electrons by 
nuclei, e~ + A ^ e~ + A + A' , where A and A' are nuclear states, as well as 
the processes e~ + A ^ e~ + N + A" , involve both hadron electrodynamics 
and nuclear dynamics. Thus, the simplest process of the A-isobar production 
in eA-coUisions, + d — > + A -|- A^, brings information on the electromag- 
netic form factors of the A° — > n -|- 7* transition (7* is the virtual photon) . 
The investigation of the pion photo- and elcctroproduction off the neutron 
(deuteron) allows to determine the isotopic properties of the hadron electro- 
magnetic current (namely, search for the isotensor contributions in the A- 
isobar excitation), provided the background contributions can be sufficiently 
controlled [5]. The amplitude for the excitation of the A-isobar on the free 
proton and on the free neutron is identical as long as isotensor components 
can be neglected. The comparison of the electromagnetic form factors for two 
transitions A"*" — p + 7* and A'^ — > n + 7* was used earlier to estimate the 
possible admixture of the isotensor component in this current [6]. 
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For the piirposc of miclear physics itself, the process -\- A ^ e~ + A + 
A' is important, first of all, for clarifying the old standing problem of non- 
nucleonic degrees of freedom in the nuclei and their role in various processes 
involving nuclei [7]. The problem of the A-isobar behavior in the nuclear 
medium [8] is of great interest too. In particular, for the deuteron, despite 
the large precision and the new region of internal momentum explored, these 
questions (the relative role of different possible components in the deuteron 
wave function as the AA-configurations, 6g-components, etc. are still under 
discussion [9]). 

When addressing the problem of non-nucleonic degrees of freedom (in par- 
ticular, the signals of the A-isobar excitation) in nuclear phenomena, it is 
natural to start these investigations from the most simple nuclear system, 
the two-nucleon system (deuteron). Using this approach, one may try to see 
whether the explicit inclusion of the resonance degrees of freedom (the most 
important A-isobar) in the nuclear wave functions improves our knowledge of 
the nuclear physics. 

Due to the isospin conservation in the strong interactions, the A-isobar can 
contribute to the deuteron ground wave function in form of AA-admixture. 
One should note that problems connected with high spin of the A-isobar, 

as the non-physical components of the A-isobar wave function are discussed 
in the literature [10]. For on-mass-shell A-isobar these components can be 
removed by imposing additional constraints on the Rarita-Schwinger field 
describing the A-isobar [11]. But in nuclei the A-isobar must be off-mass- 
shell and, therefore, unphysical degrees of freedom are still possible. Therefore, 
to reduce the ambiguities inherent to any model-dependent analysis, it is 
natural to look for the A-isobar in few-nucleon systems, and/or in processes 
where this degree of freedom is excited through the simpler and well-known 
electromagnetic and weak interactions. The A-isobar can contribute both to 
the one-body current through direct coupling to the photon (real or virtual), 
and to the two-body currents, much in the same way as it comes into play in 
the intermediate nucleon-nucleon interaction. Exclusive reactions are expected 
to convey more information than simpler inclusive experiments, even if they 
are obviously more demanding for the theoretical analysis. 

Pioneering calculations of the AA-admixture in the deuteron wave function 
have been done using static transition potentials with pion-exchange only [12] 
and it was found that the A-percentage Pa is of the order of 1%. Later on 
some improvements of this simple approach were made: inclusion of the p- 
meson exchange [13] and using a coupled-channel approach [14]. It was found 
that Pa ~ (0.4 — 0.8)%. The possible A-isobar configurations in nuclear wave 
functions have been searched for the three-nucleon systems, ^He and ^H. 

As it was noted [7] , resonances are a more efficient source of high momentum 
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components in nuclear wave functions than the short-range repulsion in the 
nuclear force. As a result, a typical resonance Fermi momentum is about 0.3 
to 0.6 GeV/c as compared to 0.1 GeV/c for a nucleon in the deuteron. 

The experimental investigation of the polarization effects in various processes 
of the electron-deuteron scattering has been started some time ago. The ex- 
periments were done on the elastic scattering of unpolarized electrons by the 
tensor polarized deuteron target and also on the measurement of the tensor 
polarization of the recoil deuteron (for the purpose to separate the charge and 
quadrupole deuteron electromagnetic form factors) (for the details see the re- 
views [15]). To determine the neutron charge electromagnetic form factor Geui 
several polarization measurements were done for the deuteron electrodisinte- 
gration process (see, for example, [16]). 

The combination of 47r detectors with linearly and circularly polarized photon 
beams as well as polarized targets will provide access to new observables, 
very powerful for the extraction of specific resonance properties. The use of 
polarized proton and deuteron targets will allow measurement of double and 
triple polarization observables with polarized neutrons [17]. 

In Ref. [18] the non-nucleonic degrees of freedom in terms of the A-isobar 
were investigated and the contribution of the AA-component of the deuteron 
wave function was calculated in the framework of the Nambu-Jona-Lasinio 
model of light nuclei. It was found that Pa = 0.3%. This prediction agrees 
well with the experimental estimate Pa < 0.4% at 90% of confidence level 
[19]. 

The experimental measurement of the AA-admixture in the deuteron wave 
function was done in a number of experiments which investigate pure hadronic 
reactions and processes induced by leptons as well. The analysis of the final 
state NNNtt in the interaction of the antiproton beam with deuteron target 
lead to the result Pa = 16% [20]. The dp NNNn reactions were studied 
in [21] where an upper limit Pa < (1.1 ± 0.3)% was obtained. The processes 
of interaction of the positive (negative) pion with deuteron [22] ([23]) gave 
an upper limit of 0.8% (0.4%) for the AA-component of the deuteron wave 
function. In Ref. [24] the process of the inclusive A-isobar photoexcitation 
on the deuteron target, '-fd AX, was studied obtaining Pa ~ 3% . The 
latest estimate Pa < 0.3% was made in the analysis of the neutrino-deuteron 
interaction [19]. 

Note also that many neutrino oscillation experiments were done in the kine- 

matical region corresponding to a neutrino beam energy ^ IGeV. But in 
this kinematical region the inelastic processes (mainly the quasi free A-isobar 
production) plays a significant role [25]. The theoretical predictions signifi- 
cantly underestimate the data in this region. On the other hand, the results 
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of Rcf. [26] lead to the suggestion that two-body currents may give sizable 
contribution in the dip region. 

For high virtuality of the exchanged photon, the ^i^(e, e'p)n reaction is one of 
the simplest and best way to investigate the high-momentum components of 
the deuteron wave function, possible modifications to the internal structure 
of bound nucleons, and the nature of short-range nucleon correlations. It was 
found that the A-isobar production dominate over a large part of the phase 
space [27]. 

It is highly desirable to perform measurements on the deuteron in kinematics 
where the short-distance structure is emphasized. Such information can be 
only accessed in the context of reaction models which include a quantitative 
description of final-state interaction, meson-exchange currents, isobar config- 
urations and so on. Experiments have already been done in such kinematics 
[27]. 

Theoretical studies of the inclusive electron-nucleus cross section at beam en- 
ergies up to a few GeV show that, while the region of the quasielastic peak is 
quantitatively understood, the data in the A-isobar region are largely under- 
estimated. In view of the rapid development of neutrino physics, the treatment 
of nuclear effects in data analysis is now regarded as one of the main sources 
of systematic uncertainty. Much of the information needed for this analysis 
can be extracted from the results of experimental and theoretical studies of 
electron-nucleus scattering. In this kinematical regime both quasielastic and 
inelastic processes, leading to the production of hadrons other than protons 
and neutrons, must be taken into account [28]. 

Historically, the quasi-elastic cross section has been exploited in order to mea- 
sure the neutron electric and magnetic form factors using mainly light {A < 4) 
nuclear targets. Today the emphasis has shifted to the search of possible in 
medium modifications of the nucleon form factors. At large momentum trans- 
fer it appears that only the low-a; {u is the electron energy loss) side of the 
quasi-elastic peak can be exploited, the large-o; side is obscured by the overlap 
with A-isobar excitation [29]. 

In spite of a large complexity of the spin structure of the e^ + rf— e' + A + A^ 
reaction amplitude in comparison with the e~ + d + n + p reaction 

amplitude, the mechanism of A-isobar production on the deuteron is more 
simpler. The reason is that in the impulse approximation the main mechanism 
for the e~+d —>■ e~-|-A-|-A^ reaction is described only by one Feynman diagram 
whereas for the e~-\-d^e~+n-\-p reaction one has to deal, at least, with 
four Feynman diagrams (due to the necessity to insure gauge invariance for 
the 7* -|- (i — > n -|- p process [16]). Moreover, the single diagram in the impulse 
approximation for the e~ + d^e~ + A + N reaction is determined, in good 
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approximation, only by one form factor of the A — ^ + 7* transition - by the 
transition of the magnetic dipole type. All this makes the e^ + d^e^ + A + iV 
reaction more preferable for the determination of the spin structure of the 
deuteron wave function in comparison with the e~ + d— > e~ + n + p reaction, 
from a theoretical point of view. 

No wonder that the role of the polarization experiments in the e~ + d ^ 
e~ + A + N and e~ + d^e~+n + p reactions is also different. Although the 
form factors of the A — > A'"+7* transition are not presently better known than 
the nucleon form factors, such uncertainty has no effect on the calculations 
of different asymmetries for the e~+d^e~ + A + N reaction due to the 
polarizations of the colliding particles. One can expect that the various asym- 
metries in the e~+d^e~+A + N reaction will be essentially constant, in 
the impulse approximation, over all the spectrum of the scattered electrons. 
This expectation derives from a factorization of polarization effects for the 
e~ + A^ — > e~ + A and e~-|-d^e~ + A + A^ processes, when the last one 
is considered in the impulse approximation. So, the search of deviations from 
this factorization deserves a special attention. Such deviations may be origi- 
nated by dibaryon resonances [30], meson exchange currents and contribution 
of the A A-configuration in the deuteron ground state [7] . The other (small) 
form factors of the A — > A^ -|- 7* transition may also lead to such deviations. 

The e~ + d^e~ + A + N reaction has been investigated earlier in inclusive 
set-up: the spectra of the scattered electrons show two peaks, one from quasi- 
elastic electron-nucleon scattering and another corresponding to the A-isobar 
excitation [31]. Experiments on the A-isobar excitation in the electron-nuclear 
scattering have been also carried out [32]. The detailed investigation of the 
A -isobar (and other micleon resonances) production which is planned in a 
number of laboratories shows the importance of these processes in nuclear 
physics. 

The theoretical analysis of the processes '-f+d N*+N and e~+d e~+A^* + 
A^ has been done in a few papers [33-36]. The cross sections of the reactions 
e- + d^ e- + N* + N {N* = A(1232) and iV*(1480)) have been calculated in 
the framework of the non-relativistic impulse approximation [33]. The 7-l-d — > 
A + A^ reaction was considered in the relativistic impulse approximation with 
the help of the dnp-vertex formalism [34]. A similar approach was used in 
Ref. [35] for the analysis of the e~ + d ^ e~ + A + N reaction. Estimates 
of polarization effects were done in Ref. [36] using the formalism of the spin- 
density matrix of the virtual nucleon [37]. 

For the study of polarization effects in the scattering of electrons by hadrons 
and nuclei it is necessary to distinguish the general analysis of the polarization 
phenomena on one side, and specific, model dependent, estimations of vari- 
ous asymmetries and polarizations, on the other side. The general analysis is 
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based only on the most general properties of the hadron electrodynamics, such 
as the conservation of the hadron electromagnetic current, the invariance of 
the hadron electromagnetic interactions with respect to the space reflections 
and time reversal as well. The particular structure of the hadrons and nuclei 
participating in the reaction, is not essential in this case. The properties of the 
polarization phenomena, obtained in this way, are universal for all reactions 
of the same type. 



In this paper we perform a general analysis of the structure of the differ- 
ential cross section and various polarization observables for the e~ + d ^ 
+ A + reaction. The observables related to the cases of an arbitrary po- 
larized deuteron target, longitudinally polarized electron beam, polarization 
of the outgoing nucleon, as well as the polarization transfer from electron to 
final nucleon, and the correlation of the electron and deuteron polarizations 
are considered in detail. The particular case of the process of the photopro- 
duction of the A-isobar on the deuteron target has been considered in detail, 
separately. The differential cross section and various polarization observables 
have been derived in terms of the reaction amplitudes. The polarization ob- 
servables due to the linear and circular polarizations of the photon, when the 
deuteron target is arbitrarily polarized, have been derived in terms of the reac- 
tion amplitudes. The polarization of the final nucleon is also considered. This 
analysis was done in frame of the structure function formalism. 



The paper is organized as follows. In Section 2 the most general spin structure 
of the matrix element of the reaction 7* -|- d — >■ A -|- iV is given. The general 
structure of the differential cross section when the scattered electron and one 
of the hadrons are detected in coincidence, when the electron beam is longi- 
tudinally polarized (the polarization states of the deuteron target and of the 
final nucleon can be any) is also given here. In Section 3 the polarization ob- 
servables due to the longitudinally polarized electron beam and unpolarized 
deuteron target (Section 3.1), or vector (tensor) polarized deuteron target 
(Section 3.2 (Section 3.3)) are derived. Section 4 gives the expressions for 
the nucleon polarization for the unpolarized and longitudinally polarized elec- 
tron beam. Section 5 contains the helicity amplitudes in terms of the reaction 
scalar amplitudes. In Section 6 we consider 7 -|- d — A -|- reaction and 
the polarization observables with unpolarized and linear or circular polarized 
photon beam and unpolarized deuteron target (Section 6.1), or vector (tensor) 
polarized deuteron target (Section 6.2 (Section 6.3)) are derived. Section 6.4 
gives the expressions of the nucleon polarization for the unpolarized and linear 
or circular polarized photon beam. The main results are summarized in the 
Conclusion. Technical details are given in the Appendices. 
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2 The matrix element and the differential cross section 

The general structure of the differential cross section for the e~+d ^ e~ + A+ 
N reaction can be determined in the framework of the one-photon-exchange 
mechanism. The formalism in this section is based on the most general symme- 
try properties of the hadron electromagnetic interaction, such as gauge invari- 
ance (the conservation of the hadronic and leptonic electromagnetic currents) 
and P-invariance (invariance with respect to space reflections) and does not 
depend on the deuteron structure and on details of the reaction mechanism 
for e~ + ci — > e~ + A + A^. In the one-photon-exchange approximation, the ma- 
trix element of the A -isobar production in the deuteron electrodisintegration 
process 



(the four-momenta of the corresponding particles are indicated in brackets) 
can be written as 



where ki{k2) is the four-momentum of the initial (final) electron, k — ki — k2, 
and Jfj, is the electromagnetic current describing the transition Y+d ^ 
(7* is the virtual photon). 

The electromagnetic structure of nuclei, as probed by elastic and inelastic 
electron scattering by nuclei, can be described by a set of response functions 
or structure functions [38]. Each of these structure functions is determined 
by different combinations of the longitudinal and transverse components of 
the electromagnetic current J^, thus providing different pieces of information 
about the nuclear structure or possible mechanisms of the reaction under con- 
sideration. The ones which are determined by the real parts of the bilinear 
combinations of the reaction amplitudes are nonzero in impulse approxima- 
tion, those which originate from the imaginary part of the structure functions 
vanish in the absence of final state interaction. 

The formalism of the structure functions is especially convenient for the inves- 
tigation of polarization phenomena in the reaction (1). As a starting point, let 
us write the general structure of the differential cross section of the reaction 
(1), when the scattered electron and one of the hadrons are detected in co- 
incidence, and the electron beam is longitudinally polarized (the polarization 
states of the deuteron target and of the final nucleon can be any): 






(2) 
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a 



dE'dUedUA 



■■N 



H^^ + Hyy + e cos(2v?)(i/^.^ - Hyy) + 



esm{2(p){H-^y + Hy^) - 2e-^H^^ - 

Kq 

— J2e{l + e) cos ip{H^^ + H^^) - 

ko ^ 

V—l^ I 

— J2e{l + s) sm(p{Hy^ + H,y) 

/Co 



ko 



iX 



\j2e{l - e) cos ip{Hyz - H^y) ± 



iX— J2£{1 - e) smip{H^^ - H^^) 

ko ^ 



(3) 



with 



N-- 
\k\-- 



o? E' p 



647r3 E MW 1 - e {-k^) ' 
1 



2W 



(W^ + M2 - k^y - AM^W\ = 1 - 2^ tan^ 



(4) 



The z axis is directed along the virtual photon momentum k, the momen- 
tum of the detected A-isobar p lies in the xz plane (reaction plane); E{E') 
is the energy of the initial (scattered) electron in the deuteron rest frame 
(Lab system); dQ-e is the solid angle of the scattered electron in the Lab 
system, dQA(p) is the sohd angle (value of the three-momentum) of the de- 
tected A-isobar in AA'"-pair center-of-mass system (CMS), Ma,M and m 
are the masses of the A-isobar, deuteron and nucleon, respectively; (p is the 
azimuthal angle between the electron scattering plane and the plane where 
the detected A-isobar lies {xz), ko = {W^ + k"^ - M^)/2W is the virtual 
photon energy in the AA^-pair CMS, W is the invariant mass of the final 
hadrons, W'^ = + k'^ + 2M{E — E'); X is the degree of the electron lon- 
gitudinal polarization, e is the degree of the linear polarization of the virtual 
photon. The upper (bottom) sign in this formula corresponds to the electron 
(positron) scattering. This expression is valid for zero electron mass. Below 
we will neglect it wherever possible. 



As it is seen from Eq. (3), the differential cross section and various polarization 
characteristics of the process under consideration are determined only by the 
space components of the hadronic tensor H^i,. 
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Assuming the conservation of the leptonic and hadronic electromagnetic 
currents the matrix element can be written as 

Mfi = ee^J^ = el - J, e^ = — j^, / = --^k - e. (5) 

fV fVQ 



In CMS of the A-isobar and final nucleon we get 

where xt and Xi are the A-isobar vector spinor and nucleon spinor, corre- 
spondingly. 

— * 

Let us introduce, the orthonormal system of basic unit m, n, and k vectors 
which are buih from the momenta of the particles participating in the reaction 
under consideration 

— * — * 

I k ^ kxp ^ 

k — —, n — — , m — n X k. 

\k\ \k X p\ 

The unit vectors k and m define the '-/* + d A + N reaction a;2;-planc (the z 
axis is directed along the three-momentum of the virtual photon k, the x axis 
is directed along the unit vector m) , and the unit vector n is perpendicular to 
the reaction plane. 

In the analysis of polarization phenomena, it is convenient to use the amplitude 
F represented in the above orthonormal basis. The amplitude F can be chosen 
as 

F ^ mF^"^^ + kF^''\ 



F^"*) = r- m{ifiU ■ m + i/a^/ ■ k + fsa ■ nU ■ m + Ua ■ nU ■ k + 

f^a • rhU ■ n + f^a • kU ■ ft) + I ■ n{if\U ■ n + f^a ■ nU ■ n + 
fga ■ mU ■ m + fioa ■ kU ■ rh + fua ■ rhU ■ k + /i2(? • kU ■ k) + 
I • k{ifisU ■ rh + ifuU ■ k + fi^a ■ nU ■ rh + fi^a ■ nU • k + 
fna ■ rhU ■ ft + f\0 ■ kU ■ n), (6) 

F^'') = f - m{ifiQU ■ m + if2oU ■ k + f2ia ■ nU ■ rh + /22(? ■ nU ■ k + 

/23C? ■ rhU ■ n + /24(? ■ kU • n) + I ■ n{if2^U ■ n + f2%(T ■ nil ■ n + 
/27(T • rhU ■ m + f2s^ ■ kU ■ rh + /29CT • mU ■ k + /30a • kU ■ k) + 

— * — * — * — * — * — * — * — * 

I ■ k[ifsiU ■ rh + if^2U ■ k + f^^a ■ nU ■ rh + • nU ■ k + 

/35(T • rhU ■ fi + /36(T -kU -n), (7) 
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where fi{i = l — 36) are the scalar amphtudes, depending on three variables, 
which completely determine the reaction dynamics. If we single out the photon 
polarization vector /, one can write the amplitude F as F = F^lj and the 



3 Polarization of the deuteron target 

In the general case the deuteron polarization is described by the spin-density 
matrix. Let us start from the following general expression for the deuteron 
spin-density matrix in the coordinate representation [39] 



where Sq, is the four-vector describing the vector polarization of the target, 
with s'^ — —1, s ■ P — 0. S^i, is the tensor describing the tensor (quadrupole) 
polarization of the target, with S^y = S^fj., P^iS^u — 0, S^^ = 0. Due to these 
properties the tensor Sfj,^ has only five independent components. In Lab system 
all time components of the tensor S^i, are zero and the tensor polarization 
of the target is described by five independent space components {Sij = Sji, 

— * 

Sii — 0, i,j = X, y, z). The four-vector Sa is related to the unit vector ^ of the 
deuteron vector polarization in its rest system: 



where u is the deuteron energy in the 7* + d — > A + A^" reaction CMS. 

The hadronic tensor Hij{i,j = x.y.z) depends linearly on the target polar- 
ization and it can be represented as follows 



where the term i?ij(0) corresponds to the case of unpolarized deuteron target, 
and the term Hij{^){Hij{S)) corresponds to the case of the vector (tensor- )- 
polarized target. 

3.1 Unpolarized deuteron target 

The general structure of the part of the hadronic tensor corresponding to 
unpolarized deuteron has the following form 



hadronic tensor as Hij — FiF*. 




(8) 



so^-ki/M, s = i+k{ki)/M{M + u), 



Hij^Hij{0) + Hij{O + Hij{S), 



(9) 
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Hij{0) — aikikj + a2ninj + azmimj + ai{kimj + kjirii) + 

ia^{kimj — kjUii). (10) 

The structure functions ctj are real and depend on three invariant variables 
s — W"^ — {k + Py, k'^ and t — {k — Py. Let us emphasize that the structure 
function is determined by the strong interaction effects of the A-isobar and 
the nucleon in the final state and it vanishes for the pole diagram contribution 
in all kinematic range (independently on the particular parametrization of the 
7*AiV— and (inp— vertexes). This is true for the non relativistic approach and 
for the relativistic one as well, when describing the 7* + d — > A + reaction. 
The scattering of longitudinally polarized electrons by unpolarized deuteron 
allows to determine the 05 contribution. Then, the corresponding asymmetry 
is determined only by the strong interaction effects. More exactly, it is de- 
termined by the effects arising from non pole mechanisms of various nature 
(meson exchange currents can also induce nonzero asymmetry). Dibaryon res- 
onances, if present, may also lead to nonzero asymmetry. 

In the chosen coordinate system, the different hadron tensor components, en- 
tering in the expression of the cross section (10), are related to the structure 
functions ai{i — 1 — 5) by: 



Hxx ± Hyy = as ± a2, H^z = ai, Hj.z + H^x = 2q;4, 



"■yy 

Hxz H^x 



—2ia5, Hxy ± Hyx — 0, Hy^ ± H; 



•■zy 



0. 



(11) 



In the one-photon-exchange approximation, the general structure of the dif- 
ferential cross section for the reaction d{e, e'A)N (in the case of longitudinally 
polarized electron beam and unpolarized deuteron target) can be written in 
terms of five independent contributions 



a 



dE'd^ed^A 



■■N 



(Tt + £<Jl + ^ cos{2(p)ap + J2e{l + e) cos (paj + 



\^2e{l — e) sin (fia'j 



(12) 



where the individual contributions arc related to the components of the spin- 
independent hadronic tensor, Eq. (10), by: 



GT — + Hyy, Gp — Hxx ~ Hyy, (7^ — —2—^Hzz, 



Kq 



J {Hxz + Hzx)-, CTj = i — {Hxz - Hzx)- 

ko ko 

From the above equations, one can define a single-spin asymmetry which is 
due to the electron beam polarization: 
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d(T{\ = +1) - da{\ = -1) _ 
^^'^^ " da{X^+l) + da{X^-l) ^ 

sin ip^2e{l — £)a'i 

Ut + SUl + £C0s(2(/?)(Tp + ^J2e{l + s) cos </?(T/ 



(13) 



which contains a (^-dependence. Therefore, this asymmetry has to be mea- 
sured in non coplanar geometry (out-of-plane kinematics). 

Wc sec that this asymmetry is determined by the structure function which 
is defined by the interference of the reaction amphtudes that characterize 
the absorption of virtual photons with nonzero longitudinal and transverse 
components of the electromagnetic current corresponding to the process 7* + 
d — > A + A^. One finds that ~ sini? independently from the reaction 
mechanism. It vanishes when the A-isobar emission angles are -i? = 0° and d = 
180°, due to the conservation of the total helicity of the interacting particles 
in the 7*-|-o?— >A-|-A^ reaction. The structure function 0:5 is nonzero only if 
the complex amplitudes of the 7* + — > A + N reaction have nonzero relative 
phases. This is a very specific observable, which has no corresponding quantity 
in the A-isobar excitation in the deuteron photodisintegration process ^y+d — > 
A + N. 

The study of the single-spin asymmetry Eg was firstly suggested for pion 
production in clcctron-nucleon scattering, e + N — > e + N + n [40]. Afterward, 
this asymmetry has been discussed for the hadron production in the exclusive 
processes of the type A{e, eh)X, where A is a nucleus and h is the detected 
hadron [41,42]. A number of experiments to measure the asymmetry Eg has 
already been done [43] . 



3.2 Vector-polarized deuteron target 



The part of the hadronic tensor depending on the deuteron vector polarization 
has the following general structure: 



HijiO = ^n{Pikikj + (32mimj + PaUiTij + (34^{k, m}ij + iPslk, m]ij) + 

+^k{PQ{k, n}ij + Prim, n},j + iPs[k, n]ij + ij3^[m, n]ij) + 
+^m(/3io{A;, n]ij + /3ii{m, n]ij + i/3i2[A;, n]ij + i/?i3[m, n]ij), (14) 

where {a, h}ij — aihj + Oj&j, [a, h]ij — Uibj — ajbi. 

Therefore, the dependence of the polarization observables on the deuteron 
vector polarization is determined by thirteen structure functions. On the basis 
of this formula one can make the following general conclusions: 
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• If the deuteron is vector-polarized and the polarization vector is perpen- 
dicular to the 7* + c? — ^ A + iV reaction plane, then the dependence of 
the differential cross section on the e and (p variables is the same as in the 
case of unpolarized target, and the non vanishing components of the 
tensor are: 

HUi) + H,,{i) = 2(54n, H,,{i) - H,,{0 = -2iMn. (15) 

• If the deuteron target is polarized in the 7* + d — > A + N reaction plane 

— * 

(in direction of the vector A; or m), then the dependence of the differential 
cross section of the e~ + d^e~ + A + N reaction on the e and cp variables 
is: 

• for unpolarized electron beam: 



£sin{2ip), \j2e{l + e)sin(f, 
■ for longitudinally polarized electron beam: 



±iXVl — =F ^-^Y 2^(1 — £)cos(^. 

— * 

The differential cross section of the reaction d{e, e'A)N, where the electron 
beam is longitudinally polarized and the deuteron target is vector-polarized, 
can be written as follows: 



ctq 



dE'dQjn^ 

{Ai + \Af)i 



ASe + {Ai + \Af)i, + {Al + \Af)iy + 



(16) 



where (Jq is the unpolarized differential cross section, Eg is the beam asym- 
metry (the asymmetry induced by the electron-beam polarization), A^(i = 
a;, I/, z) are the analyzing powers due to the vector polarization of the deuteron 
target, and Al'^{i — x, y, z) are the spin- correlation parameters. The direction 
of the deuteron polarization vector is defined by the angles i)*, ip* in the ref- 
erence frame where the z axis is along the direction of the three-momentum 
transfer k, and the y axis is defined by the vector product of the momenta 
of the detected A- isobar and the virtual photon (along the unit vector n). 
The target analyzing powers and the spin-correlation parameters depend on 
the orientation of the deuteron polarization vector. The quantities Eg and Af 
are T-odd observables and they are completely determined by the reaction 
mechanism beyond the impulse approximation, for example, by final-state in- 
teraction effects. On the contrary, the quantities A^"* are T-even observables 
and they do not vanish in absence of final-state interaction effects. 
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The expressions of the Af and Af^ asymmetries can be exphcitly written as 
functions of the azimuthal angle (/?, of the virtual-photon linear polarization e, 
and of the contributions of the longitudinal (L) and transverse (T) components 
(relative to the virtual-photon momentum k) of the hadron electromagnetic 
current of the 7* + d — > A + reaction: 



A'^ao = Nsm(p 



2£(l + £)4^^) + £cos(^4^^) 



A^ao — N sincp ^2£(l + £)4^^) + e cos (^^f ^) 



'ylf ^) + + ^2£(l + £)cos ipAlf^^^ + e cos(2(^)4^^) 



Vl^Bf^^ + pe{l - e) cos <^Sf ^) 



AfuQ^N 
Afa^^N 
Al^ao = NJ2e{l - e) sin ipB\j^^\ 



(17) 



where the individual contributions to the considered asymmetries in terms of 
the structure functions /3i are given by 

4^^) =4/5n, Af^) =(5, + (3„ MP =(5,- ^„ Af^) = 4(3„ 
4^^^ = -2^/3io, Ai^ = -2^/34, 4"^) = -2^^6, 

Kq Kq Kq 

Kg 



At this stage, the general model-independent analysis of the polarization ob- 
servables in the reactions d(e, e'A)A'" and d{e, e'A)N is completed. To proceed 
further in the calculation of the obscrvablcs, one needs a model for the reaction 
mechanism and for the deuteron structure. 



3.3 Tensor-polarized deuteron target 



The part of the hadronic tensor Hij{S), which depends on the deuteron tensor 
polarization, has the following general structure: 



Hij{S) = Sahkahilihkj + j2mimj + ^^UiUj + ^i{k, m}ij + ^75 [A;, m]ij) + 
Sabmamb{-fQkikj + jjmirrij + jsnin^ + l9{k, m}ij + ^710 [A;, m]ij) + 
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Sab{k, m}ab{liikikj + -fumiiTij + ^nUirij + ^u{k, m}ij + iji5[k, m\ij) + 
Sab{k, n}ab{li6{k njij + ^i7{m, n}ij + i-fmik, n\ij + i-figim, n\ij) + 
Sab{m, n}abil2o{k, n}ij + 721 {m, n}ij + i-f22[k, n]ij + i^23[m, n\ij). (18) 

In this case, the dependence of the polarization observables on the deuteron 
tensor polarization is determined by 23 structure functions. 

From this equation one can conclude that: 

• If the deuteron is tensor polarized so that only S^z, Syy and {S^z + Szx) 
components of the quadrupole polarization tensor are nonzero, then the 

dependence of the differential cross section of the e~ + (i-^e~ + A + A^ 
reaction on the parameter e and on the azimuthal angle ip must be the same 
as in the case of the unpolarized target (more exactly, with similar e- and 
ip- dependent terms). 

• If the deuteron is polarized so that only [S^y + Sy^) and {Syz + Szy) com- 
ponents of the quadrupole polarization tensor are nonzero, then the typical 
terms follow sin(/9 and sm{2ip) dependencies - for deuteron disintegration 
by unpolarized electron beam, and terms which do not depend on e, 93, 
and cos (/? - for deuteron disintegration by longitudinally polarized electron 
beam. 

In polarization experiments it is possible to prepare the deuteron target with 
definite spin projection on some quantization axis. The corresponding asym- 
metry is usually defined as 

da{\d = +l)-da{\d = -l) 
dG{\d = +l) + da{\d=-iy 

where da{Xd) is the differential cross section of the e~ + d ^ e~ + A + A^ reac- 
tion when the quantization axis for the deuteron spin (in the AA^-pair CMS) 
coincides with its momentum, i.e., the deuteron has helicity A^. Prom an exper- 
imental point of view, the measurement of an asymmetry is more convenient 
than a measurement of a cross section, as most of systematic experimental 
errors and other multiplicative factors cancel in the ratio. 

The general form of the hadron tensor Hij{Xd), which determines the differen- 
tial cross section of the process under consideration for the case of the deuteron 
with helicity A^, can be written as 

H^j'^~^^^ = 5ikikj + 52mimj + SsniUj + 54{k, m}ij + iS^lk, m\ij ± 

±5Q{k, n}ij ± iS-rlk, n\ij ± Sslm, n}ij ± i5g[m, n\ij. (19) 

The reaction amplitude is real in the Born (impulse) approximation. So, as- 
suming the T-invariance of the hadron electromagnetic interactions, we can 
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do the following statements, according to the deuteron polarization state: 



• The deuteron is unpolarized. Since the hadronic tensor Hij{0) has to be 
symmetric (over i,j indexes) in this case, the asymmetry in the scattering 
of longitudinally polarized electrons vanishes. 

• The deuteron is vector polarized. Since the hadronic tensor Hij{^) has to 
be antisymmetric in this case, then the deuteron vector polarization can 
manifest itself in the scattering of longitudinally polarized electrons. The 
perpendicular target polarization (normal to the ■j* + d ^ A + N reaction 
plane) leads to a correlation of the following type: ±.i\^j2e{l — e) sin ip. The 
longitudinal and transverse (along or perpendicular to the virtual-photon 
momentum) target polarization (lying in the 7* + (i — >^ A + iV reaction 
plane) leads to two correlations of the following type : ^iA-\/l — £^ and 
^^i\^2e{l — e) cos if. 

• The deuteron is tensor polarized. The hadronic tensor Hij{S) is symmetric 
in this case. In the scattering of longitudinally polarized electrons the contri- 
bution proportional to XSab vanishes. If the target is polarized so that only 
the {Sxy + Syx) or {Sy^ + Szy) components of the quadrupole polarization 
tensor are nonzero, then in the differential cross section only the following 
two terms are present: esm{2(p) and \j2e{l + e) sirup. For all other target 
polarizations the following structures are present: a term which does not de- 
pend on e and (p variables as well as terms with the following dependencies: 
2e, ecos{2(p), and ^J2e{l -\- e) cos </?. 

The differential cross section of the A-isobar excitation in the scattering of 
longitudinally polarized electrons by tensor polarized deuteron target (in the 
coincidence experimental setup) has the following general structure 



dE'dVtJVL 



- = N{aT + Al^Q,, + Al^iQ,, - Qyy) + A^^Q, 



+ A^zQxz + A^^{Qxx Qyy) + A^^Qz 



+ 



2e{l + e) cos 99 



'^1 + "^xzQxz + AI.^{Qxx — Qyy) + A^^Qz 



+ 



^2£(l + £) simpiAiyQxy + Al^Qyz) + esin{2ip){A^yQxy + A^^Qy^) + 



£Cos(2<^) 



'^P + ^xzQxz + A^^{Qxx — Qyy) + A^^Q zz 



+ 



X^2e{l - e) sin cp la'j + A'^JQxz + KAQxx - Qyy) + A[^Qz 



+ 



Xj2e{l — e) cos ip 



^iyQxy + A^zQ 



yz^yz 



+ 



cos (/? 



^xyQxy + ^zQ\ 



T 

yz^yz 
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where the quantities Qij{i,j = x,y,z) arc the components of the quadrupole 
polarization tensor of the deuteron in its rest system (the coordinate system 
is specified similarly to the case of the AA^-pair CMS). These components 
satisfy the following conditions: Qij = Qji, Qu = 0. By writing this formula 
we took into account the following relation: Q^x + Qyy + Qzz — 0. 

A general property of these tensor asymmetries is that they vanish in the 
region of the quasi-elastic scattering. This can be explained as follows. All the 
asymmetries are determined by the convolution X^t^S^^, where the tensor X^,^ 
is built with the four-momenta describing the d ^ np transition. Due to the 
condition Pf^S^i, — 0, the most general form of this tensor is 

Xf,i, = aigr^^ + ia2[7^, 7,.] + a^'y^p^, + 047^^^ + a^p^p^, 

where is the four-momentum of the nucleon-spectator. However, if we take 
into account that Sfj,iygfj,u = 0, S^u = Sy^, then the convolution Xn^S^i, is 
determined by 03,04 and 05. Prom the condition P^S^y = 0, it follows that 
the time components of the (S^^ tensor vanish in the Lab system. Therefore, 
the convolution X^j^S/^i, turns out to be proportional to the nucleon-spectator 
three-momentum which is zero at the peak of the quasi-elastic scattering. 

Thus, in the general case, the number of independent asymmetries ^^(W, k"^ ■,'&), 
i,j = X, y,z;m = T, P, L, I, contributing to the exclusive cross section of the 
A-isobar excitation is 23 for the scattering of longitudinally polarized electrons 
by a tensor polarized deuteron target, 16(7) for the scattering of unpolarized 
(longitudinally polarized) electrons A"j{W, k"^ ,1^), where i,j = x,y,z;m — 
T, P, L, I. These asymmetries can be related to the structure functions 7^ 
which are the bilinear combinations of the 36 independent scalar amplitudes 
describing the 7* + 0? ^ A + reaction, by the following relations: 



= 2^(712 + 713), = ^(77 + 78), 



^zz 



= ^(72 + 73) -2 (77 + 78), ^.. = -4-^ 



zz 



uj k^ _ 
^^711, ^0.. - 



p76. 



V^.^CU' ^ A, aV^ 

^(2— 74 -79),^., = -4^720, 



U -/—W aP _ A aP — 

^(77 - 78), A^z = ;^(72 - 73) - ^(77 - 78), 



^xx — 



713), 
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■722, A 



I 

■yz 



M ko 



■718, A 



T 
xy 



4723, A: 



T 
■yz 




One can see from this formula that the scattering of unpolarized electrons by 
a tensor polarized deuteron target with components Qxy — Qyz — 0, is char- 
acterized by the same ip- and e-dependences as in the case of the scattering 
of unpolarized electrons by unpolarized deuteron target. If Qxy 7^ 0, Qyz 7^ 0, 



then new terms of the type ^2^(1 + e) sin(/9 and esm{2ip) are present in the 
cross section. The asymmetries with upper indexes T, P{L) are determined 
only by the transverse (longitudinal) components of the electromagnetic cur- 
rent for the 7* -|- d — > A -|- reaction, while the asymmetries with upper 
index I are determined by the interference of the longitudinal and transverse 
components of the electromagnetic current. 

Using the explicit form for the amplitude of the reaction under consideration 
it is easy to obtain the expression for the hadronic tensor H^j in terms of the 
scalar amplitudes fi {i — 1, 36) .Appendix A contains the formulas for the 

structure functions Q.i,(3i,'^i in terms of the scalar amplitudes, which describe 
the polarization effects in the e~ + d^e~ + ^ + N reaction due the deuteron 
polarization. 

Let us stress again that the results listed above have a general nature and 
are not related to a particular reaction mechanism. They have been derived 
assuming the one-photon-exchange mechanism, the spin one nature of the 
photon, the P-invariance of the hadron electromagnetic interaction, and the 
hadron electromagnetic current conservation. Other possible, model dependent 
contributions to the deuteron structure such as meson-exchange current, the 
D— wave admixture in the deuteron ground state, a AA— component, six- 
quark configuration etc., do not affect the general results of this section. 



4 Nucleon polcirization 

Let us write the matrix element of the reaction under consideration in the 
following form (the vector indexes of the virtual photon and A-isobar are 
singled out) 



The polarization properties of the nucleon, produced in the 7* -|- d — >■ A -|- 
reaction, are determined by the Pij tensor 




Pij = TrpikFkiBFi'^, i,j = x, y, z, 



(20) 



19 



where pik is the A-isobar spin-density matrix. Let us consider the case when 
the deuteron target and produced A-isobar are unpolarizcd. The nucleon po- 
larization vector P (multiphed by the unpolarized differential cross section 
(fa/dE'dfledfl/\) is given by an expression obtained from Eq. (3), replacing 

— * 

the components of the hadronic tensor Hij by the corresponding Pij tensor 

^ — * 

components. The tensor Pjj can be represented in the following general form: 

Assuming the P-invariance of the hadron electromagnetic interaction, we can 
write the tensor structure of the quantities P-ip , PiP\ and Pij^\ in terms of 
the structure functions Pi, i = 1 — 13, which depend on three independent 
kinematical variables: k"^, W, and t: 

P^P = Pi{k, n}ij + P2{nh n}ij + iP^[k, n]ij + iP^lm, n]ij, 
Pj:P^ = P^ik, n}ij + Peim, n}ij + iPrik, n]ij + iPsim, n]ij, 
P^f = P^kikj + PiomiUij + PiiniUj + Pi2{k, m}ij + iPisik, m\ij. (21) 

The expressions for the structure functions Pj, in terms of the scalar ampli- 
tudes fi, i — 1 — 36, are given in Appendix B. We can see that the symmetric 
parts (with respect to the i,j indexes) of the tensors in this equation (which 
correspond to eight structure functions Pi, i = 1,2,5,6,9,10,11,12) deter- 
mine the components of the polarization vector of the nucleon produced in 
collisions of unpolarized electrons with an unpolarized deuteron target, for the 
reaction d{e, e'N)A. The antisymmetric parts of the tensors in Eq. (21), (that 
is, the five structure functions Pj, i = 3, 4, 7, 8, 13) determine the components 
of the polarization vector of the nucleon produced in collisions of longitudi- 
nally polarized electrons with an unpolarized deuteron target, for the reaction 
d{e, e'N)A. 

Moreover, it can be shown that eight structure functions Pi, P2, P5, Pg, P9-12 
(in the symmetric parts of the corresponding tensors) determine the T-odd 
contributions to the nucleon polarization vector P (for the scattering of un- 
polarized electrons), whereas the five structure functions P3, P4, P7, Pg, P13 
(in the antisymmetric parts of the corresponding tensors) determine the T- 

— * 

even contributions to the nucleon polarization vector P (for the scattering of 
longitudinally polarized electrons). 

These five T-even structure functions are nonzero even when the 7* -|- d — > 
A -|- A'^ reaction amplitudes are real functions, which is true in the framework 
of impulse approximation. In the scattering of the longitudinally polarized 
electrons, they determine the nucleon polarization induced by the absorption 
of circularly polarized virtual photons (by unpolarized deuteron target) in the 
7* -I- d — > A -I- A" reaction: the polarization is transferred from the electron 
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to the produced nucleon by the virtual photon. The eight T-odd structure 
functions, defined above, are nonzero only for complex 7* + ci A + 
reaction amplitudes (with difi^erent relative phases). 

— * 

Due to the tensor structure of the quantities Pij , in the scattering of unpo- 
larized electrons by unpolarized deuterons, the polarization component of the 
nucleon which is orthogonal to the '-/* + d A + N reaction plane is char- 
acterized by the same e and ip dependences as in the unpolarized case. The 
polarization vector of the nucleons polarized in the 7* + d — > A + reaction 
plane (components and P^) is characterized by two dependences: £sin(2(/?) 
and ^2£(1 + e) sine/?. 

To prove these statements, we explicitly single out the dependence of the nu- 
cleon polarization on the kinematic variables (p and e. In the general case, the 
vector of the nucleon polarization can be represented as the sum of two terms: 
P^^^ and P^-^^ where the polarization P*^°^ corresponds to the unpolarized 
electron beam (the so-called induced polarization) and the polarization P^^^ 
corresponds to the longitudinally polarized electron beam (polarization trans- 
fer). So, the components of the nucleon polarization vector P in the reactions 
d{e,e'N)A, d{e,e'N)A are given by: 



Pf ) ao^N sin ip[^2e{l + e)P^'''^^ + e cos ifP^^'^X 

pi^^ao = N sin(^[y'2e(l + e)Pi^^) + s cos (pP^^^^], 

p(o)^^ = ^r[pf ^) +ep(^^) + ^2e{l + e) cos^Pf ^) + £cos(2(^)Pf ^)], 

Pi^)ao = Ar[yr3i2^(TT) ^ y^^(Tr7)cos<^Pr)], 

pW(7o = 7V[v^r^Pf^) + ^2£(1-£)C0S(/PPP)], 

Pf ) (70 = N^2e{l - e) sin <^p(^^)] , (22) 

where ctq = d^a/dE'dQgdQ^ is the unpolarized differential cross section of the 
reaction under consideration, and the individual contributions to the polar- 
ization vector in terms of the structure functions Pj are: 

Pf ^) =4P6, Pf ^) = Pio + Pii, Pf ^) = Pio - Pii, ^) = 4P2, 
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The expressions for the structure functions Pi in terms of the reaction am- 
phtudes are general and do not depend on the details of the reaction mecha- 
nism. As explicitly shown in Appendix B, each of the 13 structure functions 
Pi{W, k'^, t),i = 1 — 13, carries independent information about the scalar ampli- 
tudes. Therefore, measurement of all these structure functions is, in principle, 
necessary to perform the complete ^* + d ^ A + N experiment. 



5 Helicity amplitudes 



Since the spin structure of the matrix element of the reaction under con- 
sideration is quite complicated, it is convenient to perform the unitarization 

procedure (taking into account the final state interaction, i.e., the A^A — > A^A 
scattering effects) with the help of the helicity amplitudes formalism. As it was 
shown above, the reaction 7* -|- d — > A -|- A" is described by 36 independent 
amplitudes. 

Let us introduce the set of the helicity amplitudes h\y{k'^, W, {}) (where A and 
A' are the helicities of the initial (7*-|-ci) and final (A-|- A") states) and consider 
the amplitudes 

^AA' =< Aa, XN\T\X-y, Xd >— :^(Aa)-^(A^, Xd)Xl{XN): 

where A-y,Ad, Ajv and Aa are the helicities of the virtual photon, dcuteron, 
nucleon and A- isobar, respectively, with A = A-y — A^ and A' = Aa — Atv- We 
choose the following convention: 

h =< ll\T\n >, h =< -\ - i|T|ll >, hs =< HiniO >, (23) 

1 1, , 11, , 

2 2 22 ' 

he =< -I - l\T\l - 1 >, hr^<l- l\T\ll >, hs =< -^^|r|ll >, 
2 2 2 2 22 

/i9 =< ^ - ^|r|10 >, hio =< -^^I^IIO >, hu =< ^ - ^\T\1 - 1 >, 
hi2 =< -ll\T\l - 1 >, =< ll\T\01 >, hu =< ^^1^100 >, 
/lis =< ll\T\0 - 1 >, /116 =< -ll\T\Ol >, /ii7 =< -^^I^IOO >' 
his =< -ll\T\0 - 1 >,/ii9 =< ^^l^lll h2o =< -I - l\T\n >, 
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/l21 =< ^^1^110 >, /l22 — - l\T\10 >, /l23 =< ll\T\l - 1 >, 

h24 =< — - l\T\l - 1 >, /l25 =< ^ - >, 

/l26 =< -^^l^lll ^27 =< ^ - ^I^IIO >, h2S =< -^^I^IIO >, 

h29 =< I - - 1 >, ^30 =< -ll\T\l - 1 >, 

hsi =< ll\T\Ol >, h2 =< ll\T\00 >, /i33 =< ^^|T|0 - 1 >, 

h34 =< -^^I^IOl >, ^35 =< -^^I^IOO ^36 =< -ll\T\0 - 1 > ■ 

We choose the hehcity amphtudes in such a way that the first 18 hehcity 
amphtudes (corresponding to the A-isobar hehcities ±1/2) coincide with the 
hehcity amphtudes for the deuteron electrodisintegration reaction j* + d ^ 
n + p [44]. As it was shown above, the matrix element of the process under 
consideration can be described in terms of the scalar amplitudes. The formulas 
relating the two sets of independent amplitudes /j and hi are given in Appendix 
C. 



6 A— isobeir production in deuteron photodisintegration process 



Let us consider the particular case of the A-isobar production, in the deuteron 
photodisintegration reaction 

7(^) + ci(P)^A(pi) + iV(p2), (24) 



where the four-momenta of the particles are given in the brackets. Of course, 
all observablcs for this reaction can be obtained using the formulas presented 
above for the case of the virtual photon, but it is rather tedious procedure. So, 
it is worth to have the expressions for the differential cross section and various 
polarization observables which are suitable for the analysis of the future data 
on this reaction. 

The matrix element of this reaction can be written as 

M = eA^J^ = -eAiJi, (25) 

where is the photon polarization four-vector and we use the transverse 
gauge: k ■ A — [k is the photon momentum). 
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The differential cross section in CMS (not averaged over the spins of the initial 
particles) can be written as 

do_ _ a p 1 , . 



where pij = AiA* and hadronic tensor is determined as H^j — JiJJ- The 
notation of the other quantities have been defined in previous sections. 

In the reaction CMS, the quantity Jj can be written as 

Ji = xtGiXl, (27) 

where xt ^^'^ Xi ^''^^ the A-isobar vector spinor and nucleon spinor, respec- 
tively. The quantity Gi can be chosen as 

Gi^mG'r'^ + iG\''\ (28) 

with 

G[^^ — mi{igiU ■ rh + ig2U ■ k + g^a ■ nU ■ rh + g^a ■ nU ■ k + (29) 

— * — * — * — * — * 

g^a • fhU ■ n + g^a • kU ■ n) + ni{ig'jU ■ ft + g^B ■ fiU ■ n + 

— * — * — * — * — * — * — * — * 

g^a ■ rhU ■ rh + giQ& • kU ■ rh + gua ■ rhU ■ k + gi2a ■ kU ■ k), 
Gf''' = mi{igi^U ■ rh + iguU ■ k + gi^a ■ nU ■ rh + gi^a ■ nU ■ k + 

gna ■ rhU • n + gisa ■ kU ■ ft) + ni{igigU ■ n + g2oB ■ nU ■ n + 
g2iB ■ rhU ■ rh + 5^22^ • kU ■ rh + g2zB ■ rhU ■ k + • kU ■ k), 

where gi{i = 1 — 24) are the scalar amplitudes, depending on two variables (en- 
ergy and scattering angle), which completely determine the reaction dynamics, 

— * 

and U is the deuteron polarization vector. 

The hadronic tensor Hij{i,j = x,y,z) depends linearly on the target polar- 
ization and it can be represented as follows 

H,j^H,j{0) + H,j{O + H,j{S), (30) 



where the term Hij{0) corresponds to the case of the unpolarized deuteron 
target, and the term Hij{^){Hij{S)) corresponds to the case of the vector 
(tensor-)-polarized target. Let us consider the polarization observables of the 
^ + d ^ A + N reaction for each contribution to the hadronic tensor Hij. 
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6.1 Unpolarized deuteron target 



The general structure of the hadronic tensor for unpolarized deuteron target 
has following form 

Hij{0) = aimirrij + a2ninj, (31) 



where ai and a2 are the structure functions which can be expressed in terms 
of the reaction scalar amplitudes. The expressions of these structure functions 
can be found in Appendix D. 

The differential cross section of this reaction for the case of unpolarized par- 
ticles can be written as 

^^^^ ATf , \ AT ^ P 1 ^QO^ 

^ = + N = ^i^^^T^^M^- (32) 



Let us consider the case when photon is polarized. The general expression of 
the photon polarization vector is determined by two real parameters (3 and 5 
and it can be written as [45] 

A = cos Pfn + sin I3exp{i5)n. (33) 



If the parameter 5 = then the photon polarization vector describe the linear 
polarization state of the photon, directed at an angle j3 with respect to the x 
axis. The parameters (3 — ir/A and 5 — ±7r/2 denote the circular polarization 
of the photon. Arbitrary /3 and 5 correspond to elliptic photon polarization. 

The differential cross section in the case of polarized photon has the following 
form 



where A± is the asymmetry due to the linear polarization of the photon and 
it can be written as 

da / dQ{f3 = 0^) -da/ dQ{(3 = 90^) 

(35) 



da/dQ{P = 0°) + da/dn{P = 90°) 



This asymmetry has following form in terms of the structure functions 

= Nia, - a.) or A^ = (36) 
dil ai + 02 
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Note that circular polarization of the photon does not contribute to the dif- 
ferential cross section due to the P-invariance of the hadron electromagnetic 
interaction. 



6.2 Vector polarized deuteron target 



For + d A + N , the dependence of the polarization observables on the 
deuteron vector polarization is determined by six structure functions. The part 
of the hadronic tensor which depends on the deuteron vector polarization has 
the following general structure: 



Hij{^) ^ ^n{bimimj + b2ninj) + ^k{b3{m, n}ij + ihi[m, n]ij) + 

— * 

+^m(65{m, n}ij + ihQ[m, n]ij), (37) 

where 6j, (i = 1 — 6) are the structure functions, depending on two variables, 
which can be expressed in terms of the reaction scalar amplitudes. The ex- 
pressions of these structure functions are given in Appendix D. 

The part of the differential cross section of the 7 + — ^ A + reaction 
which depends on the deuteron vector polarization, for the case of arbitrarily 
polarized photon, can be written as 



d(7'ij dCy^fi 



Ayiy + C\ COS 2/3e, + sin 2/3 cos ?>{C% + C%) + 

(38) 



dO. dn 

+ sin2/?sin(5(C^ex + C.'e.) 



where Ay is the asymmetry due to the vector polarization of the deuteron 
target when the photon is unpolarized (the so-called single target asymme- 

— * 

try). This asymmetry is due to the component of the polarization vector ^ 
describing the vector polarization of the target, which is normal to the reac- 
tion plane. If the reaction amplitudes are real functions (as, for example, in 
the impulse approximation) then this asymmetry is equal to zero. The quan- 
tities Cl^y^^{C^^^) are the correlation coefficients due to the vector polarization 
of the deuteron target when the photon is linearly (circularly) polarized. The 
correlation coefficients C^ y^^ are zero when the amplitudes are real. The corre- 
lation coefficients ^ are determined by the components of the polarization 
vector lying in the reaction plane and they are non-zero, in general, for the 
real amplitudes. All these polarization observables can be expressed in terms 
of the structure functions bi{i — 1 — 6) as: 
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dO'uTL 4 



N{bi 



-h2 
da. 



da. 



un 



dn 

un 



da 



dn ^ 



da^j 

~~dn 



2NhA 



6.3 Tensor polarized deuteron target 



For 7 + A + N, the dependence of the polarization observables, on 

the dcTitcron tensor (quadrupolc) polarization is completely determined by 
ten structure functions. The part of the hadronic tensor which depends on 
the tensor (quadrupole) polarization of the deuteron target has the following 
general structure: 



Hij{S) = Sabkahicimiinj + caUin^) + Sabmamb{c3mimj + CiUiUj) + 

Sab{k, mjabic^niimj + CQniUj) + Sab{k, n}ab{c7{m, n}ij + 
ics[m, n]ij) + Sab{m, n}ab{c9{m, n}ij + icio[m, n]ij), (39) 

where Ci{i — 1 — 10) are structure functions, which depend on two variables. 
Their expressions in terms of the reaction scalar amplitudes are given in Ap- 
pendix D. 

The part of the differential cross section of the 7 + 0? — > A + iV reaction 
which depends on the deuteron tensor polarization, for the case of arbitrarily 
polarized photon, can be written as 

~d^ d^ l^^^zQzz -^xxi^Qxx Qyy) ~l~ -^xzQxz ~l~ COS 2/3 C^^Q^z ~l~ 



^xxiQxx Qyy) + ^xzQx 



+ sin 2(3 cos 5{C'Q^y + Cl.Qy,) + 



sin 2/3 sin 5(C^^Q,, + ^.Q,,) | , (40) 

where A^z^ A^x and A^z are the asymmetries due to the tensor polarization of 
the deuteron target when the photon is unpolarized. These asymmetries are 
non-zero, in the general case, if the reaction amplitudes are real, in contrast 
to the Ay asymmetry. The quantities C'^, C^^, C^^, C^^ and C^^ are the 
correlation coefficients due to the tensor polarization of the deuteron target, 
when the photon is linearly polarized (they can be non-zero even if the reaction 
amplitudes are real). The quantities C^^y and Cy^ are the correlation coefficients 
which are determined by the tensor polarization of the deuteron target and 
the circular polarization of the photon (they are completely determined by 
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the reaction mechanism beyond the impulse approximation, for example, by 
the final-state interaction effects). All these polarization observables can be 
expressed in terms of the structure functions q, (i = 1 — 10) as 



-^^^^ = y [27i(ci + C2) - C3 - C4J, -^^xx = y (C3 + C4), 
^A^, = 2Nj,{c, + ce), = y [27i^(ci - c,) - C3 + C4], 



dn ^^^7lC7, 4iVCio, 4iV7iC8, 



6.4 Polarization of the nucleon 



Taking into account the expression of the quantity Jj we may write the nucleon 
polarization, in the 7 + d — > A + A'^ reaction, in the following form: 

'^P-N,,?,, (42) 



where = Trpff^GuBG^ (p^ is the A-isobar spin-density matrix). The 
general structure of this tensor, for the case of unpolarized A-isobar and 
deuteron target, can be represented in the following form 

Pij = k{di{m, n}ij + id2[m, n]ij) + rh{d2,{m, n}ij + id^[m, n]ij) + 

-\-n{d^mimj + dQUirij), (43) 

where di {i — 1 — 6) are the structure functions and their expressions in 
terms of the reaction scalar amplitudes are given in Appendix E. The nucleon 
polarization in the ^ + d ^ A + N reaction, is completely determined by six 
structure functions, when the photon is arbitrarily polarized and the other 
particles are unpolarized. 

The vector components of the nucleon polarization are 



da,, 



dn 

dcTun 

~~dn 



P, = P; + cos2/3P^, 

P, = sin 2/3(cos SP!^ + sin SP^) , 
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-^Pz = sin 2/3(cos (5Pi + sin SP^) , (44) 

where P° is the y-component of the nucleon polarization when all other parti- 
cles are unpolarized, whereas Py, P^ and are the components of the nucleon 
polarization when the photon is linear polarized. All these obscrvables arise 
due to reaction mechanisms beyond the impulse approximation. The quanti- 
ties P^ and P^ are the x- and z-components of the nucleon polarization when 
the photon is circularly polarized and in general, they can be non-zero in the 
impulse approximation. The expressions of these observables in terms of the 
structure functions dj are 



pO 

y 

pc 

X 



N 



2 



(4 + de 



I P' = 
Ndo. 



N 



{d^-d^),Pl = Nd^, Pi = Nd,, 



(45) 



7 Conclusions 



We developed a relativistic approach to the calculation of the differential cross 
section and various polarization obscrvables for the A-isobar production in 
deuteron photo- and electrodisintegration processes, j + d — > A -|- and 
e" + d ^ e- + A + N. 

A general analysis of the structure of the differential cross section and polar- 
ization observables for the A-isobar excitation in the scattering of the elec- 
trons by the deuteron target, j* + d ^ A + N was derived. Our formalism is 
based on the most general symmetry properties of the hadron electromagnetic 
interaction, such as gauge invariance (the conservation of the hadronic and 
leptonic electromagnetic currents) and P-invariance (invariance with respect 
to the space reflections) and does not depend on the deuteron structure and 
on the details of the reaction mechanism for 'y* + d ^ A + N. This general 
analysis was done with the help of the structure function formalism which is 
especially convenient for the investigation of the polarization phenomena in 
this reaction. 

The observables related to the cases of an arbitrary polarized deuteron target, 
longitudinally polarized electron beam, polarization of the outgoing nucleon, 
as well as the polarization transfer from electron to final nucleon, and the 

correlation of the electron and deuteron polarizations were considered in detail. 
We derived the expressions for polarization effects which are absent in the 
impulse approximation and due to the strong AA^— interaction in the final 
state. 
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A particular case of the process of the photoproduction of the A-isobar on the 
deuteron target has been considered in details. The differential cross section 
and various polarization observables have been derived in terms of the reac- 
tion amplitudes. The polarization observables due to the linear and circular 
polarizations of the photon provided the deuteron target is arbitrarily polar- 
ized have been derived in terms of the reaction amplitudes. The polarization 
of the final nucleon is also considered. 

General properties of these observables have been derived and underlined. 
Such properties should be fulfilled by any model calculation. In this respect, 
the present approach is important, as it gives on one side, guidelines for models 
and, on the other side, defines the strategy (the observables and the kinemat- 
ical conditions) for experiments. 
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9 Appendix A 



In this Appendix, we present the formulas for the structure functions which de- 
termine the hadronic tensor Hij for various polarization states of the deuteron 
target. The functions are written in terms of the scalar amplitudes fi {i ~ 
1, 36) determining the 7* -|- d — > A -|- A?" reaction. 

• Unpolarized deuteron target. 

The hadronic tensor Hij{0) is determined by the structure functions ctj, {i — 
1,..,5) 



tti 



= ijAxi [|/i3p + |/i5p + l/irr + l/isr + ^l/i4p + ^l/iel 



j/3ir + i/33r + i/asr + i/aer + ^i/ssr + z\h,\ ^ , 

2Ax^Re{f,sf;, + /i8/3*6 + /17/35 + /15/33 + ^/i4/32 + zhefu) + 
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as 



AX2 [|/25r + |/26r + \f27? + l^sl' + z\h9? + z\ho\ J ^ 
2Ax3i?e(/7/2*5 + /10/28 + /9/2*7 + hf2& + ^/ll/2*9 + 2;/l2/3o) + 
2-B-Re(/io/27 ~ /9/28 + /26/7 ~ /25/8 + ^/l2/29 ~ ^/ll/3o)|' 

j/i9r + i/2ir + i/23r + i/24r + ^i/2or + ^1/221'] + 

2AxsRe{fj:, + fsf;, + /5/I3 + /6/2*4 + ^/2/20 + ^/4/22) + 

2BRe{Uf;^ - + /21/r - /19/3* + ;^/22/2 - zhofl)]. 



Ax. 



2 2 
q;4 = -ReC, as = —-ImC, 



Aa;3 

/2 

/3/31 



+ 



+ 



/1/13 + /3/15 + /5/17 + /e/lS + zf2flA + Zf4fl6 
/19/31 + /21/33 + 723/35 + /24/36 + ^/2o/32 + zf22fu 
/1/3I + 73/3*3 + /5/3*5 + /6/3*6 + /19/13 + /2l/r5 + /23/r7 + 
/24/r8 + ^/2/32 + Zfifu + zf2ofl4 + zf22f\Q + 

76/35 + /23/18 ~ /5/36 ~ /14/17 + /21/13 ~ /19/15 + /1/3 



T33 
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We use here the notation 



_ (m-p)^ _ jk-p)^ _ m-pk-p 

""'-^^^fT' '"^^wT' 

2Mi Ma^a 



where Ma is the A-isobar mass, p (-Ba) and a; are the momentum (energy) 
and energy of the A-isobar and deuteron in CMS of the -j* + d ^ A + N 
reaction, which are expressed in term of the total energy and of the masses of 
the particles as: 



2W ' 2W ' 



\p\ = ^ V(^' + ^1 - "^')' - "^wmi 
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• Vector polarized deuteron target. 

The hadronic tensor Hij{^) is determined by the structure functions (3i {i — 
1,..,13) 



A = -2—ImD,, fh = -2—ImD2, 

D, = Ax^{hJ*, + h,fl,) + Aa;2(/32/3i + /34/33) + ^a;3(/i4/3i - /13/32 + 

+ /l6/3*3 "~ h^fu) ~ -5(/l3/3*4 + /le/s*! ~ /14/33 ~ fl^fh)^ 

D2 = AxMl + /4/3 ) + ^^2(/20/r9 + /22/21) + AxMl, - /1/20 + 
f f* r r* \ T}! f f* , f f* f f* f f* \ 
/4/2I ~ J3J22J ~ -DUl/22 + /4/19 ~ /2/2I ~ /3/20J' 

P, = -2^ImDs, 

Ds = Ax,{h,f; + /12/ro) + Ax2if29f;7 + /30/28) + Ax,{f,2f;s + 
/so/io + /i 1/2*7 ~ 19/29) + B{f 12/27 + /9/30 ~ /10/29 ~ /11/28)) 

D4 = AxMi, + un, - hn, - hn,) + 

^a;2(/2o/3*l + /22/33 " /l9/3*2 ~ hlfu) + 

^a;3(/2/3i + /2o/r3 ~ /1/32 ~ fl9fl4 + /4/3*3 ~ /3/3*4 + /22/r5 " f2lfiQ) — 
-t>U2l/l4 + /1/34 ~ /22/13 — /2/33 + /20/15 + /4/3I ^ /19/16 ~ /3/22J) 

D^^Axiifgflj + fiofis - frf 13 - /s/rs) + 

Ax2{f27f35 + /28/36 ~ /25/31 ~ hefss) + 

^3;3(/io/36 + /28/r8 ~ ItIsI ~ hbfu + /27/r7 ~ /8/33 + /9/35 ~ f^&fi:^) + 
-DU10J35 + /27J18 ~ /9J36 ~ /28Jl7 + /8/3I + /25/15 ~ /7/33 ~ /26/l3^ 

D, = AxM; + Ao/e* - /7/r " /8/3*) + 

^a;2(/27/2*3 + /28/2*4 ~ /25/r9 ~ /26/2*l) + 

^a;3(/io/2*4 + /28/6 " /7/19 ~ /25/1* + /27/5 ~ /8/2*l + /9/2*3 ~ f2&fz) + 
-°Ul0/23 + /27J6 — J9J24 ~ /28J5 + /8/19 + 725/3 ~ /7/21 ~ /26/lJ, 

Pio = -^ImDr, (3,2 = 'J^R^D^, 
00 (J 

D7^Ax,{M!, + fsf:, - /llAV - /l2/r8) + ^^2(/25/3*2 + /26/3*4 " 
/29/35 - /36/30) + ^^3(/7/32 + /25/r4 ' 

12/36 ^ /30/18 + /8/34 ~ /29/17 + /26/16 ~ /11/35J + 
^[J30jn + /11/36 ~ /29/18 ~ /12/35 + /26/14 + /7/34 ~ /25/16 ~ J&J32)i 

Ds = axm; + hfi - /n/5* - /12/6*) + 

Ax2{f2bf20 + /26/2*2 ~ /29A3 — /30A4) + 

■Ax3{f7f2Q + /25/2* ~ /30/6 " /l2/2*4 + /8/2*2 "~ /29/5* + /26/4 ~ /ll/2*3) + 
-0(^/30/5 + /11/24 ~ /29/6 — /12/23 + /26/2 + /7/22 ~ /25/4 " hho)- 
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• Tensor polarized deuteron target. 

The hadronic tensor Hij{S) is determined by the structure functions ji {i 
1,..,23) 



r 1 r 

L 00"^ J L 



M2 



1 r 

-ABRe 



72 = 2Axi 

M2 



M2 1 

/32/16 ~ /34/14 ~ -^1/17/36 ~ /18/35J ' 

I/20P + I/22I 



i/2r+i/4r-^(i/5r+i/6p) +2^^^ 

1 r 

(|/23r + l/24r) + ^Ax.Re Uf;, + hf*, - — (/5/23 + 

J L u}'^ 

- 4i?i?e[/2o/: - /22/2 - ^(/5/24 " /6/23) 



r 1 r 

73 = 2^X1 |/ii|2 + |/,,|2_ (|/,|2+|Jg|2) +2^X2 |/29r + |/30r- 

L oJ^ J L 



+77/2*5 



M 2 2 

5"(l/25| + I/26I ) 

+ 4BRe 



+ AAxsRe [/n/2*9 + /12/30 - ^(/s/se + 
M2 1 

12/29 ~ /11/3O ~ —^\J2QJ7 — j2bJs) 1 

74 = 2Axii?e [/2/r4 + hfU '^{Mis + Mij)] + '2Ax2Re hof^^ + 
L o;"^ J L 

* 1 r ^ 

722/3*4 5" (724/3*6 + /23/3*5) + '^AxsRe fifli + /22/r6 + /2/3*2 + 

uj J L 

+ /23/l*7 + hfk + /24/r8)] + 25i?e [/34/2* + 



f2ofl4 ~ —^{hfsh 

/14/22 ~ /32/4 — /I6/20 5" 1/6/35 + /23/18 ~ /5/36 ~ /24/17J 

UJ 



75 = — 274xi/m 



2Ax2lm 
2AxzIm 



/2/14 + fAfiQ ^ifefis + hf 17) 

/20/32 + /22/34 — -^(/24/3*6 + /23/; 

/4/3*4 + /22/r6 + /2/3*2 + /20/14 



35; 



-^{hfss + /23/r7 + fefm + f2ifis) 



33 



2BIm [-/34/2* - /14/22 + /32/4* + /l6/2*0 " 
— 5"V/6/35 + /23/18 ~ /5/36 ~ /24/17J ) 

= 2^a;i[|/i3p + l/isr - l/irr - l/i8p] + 2/1x2 [1/31P + 1/33!' - 

+ AAxsRe [/i5/3*3 + /l3/3*l - /l7/3*5 " /is/ss 



1/35 r ~ 1/36 



77 = 2Axi 



18/35 ~ /17/36 + /31/15 ~ /33/13 

2^X2 [i/i9r+ 1/21 r-i/23i 



1/24 

ABRe 
i = 2^X1 

|2 



i/ir+i/3r-i/5r-i/6 

+ AAx^Re 



/3/2I + /1/19 ~~ ./5./23 ~ /6/24 

£ £^ £ J"* I £ J** J" £* 

/6/23 ~ /5/24 + /19/3 ~ /21/1 ) 

78=2Axiy/9|2+ i/ior - i/rr - i/sr] +2^x2[i/27p+ i/28r - i/25r 

1/26 ' 

79 = 2AxiRe 

//■* /■ /■* 
24/36 ~ /23/35 

23/17 ~ /6/36 ~ /24/18 

15/19 + /31/3 ~ /13/21 — /33/1 
710 = -2^a;i/m /i/*3 + hfl^ - Ufl^ - hfl^ - 2Ax2lm figf^^ + 

/21/33 ~ /24/36 ~ /23/35 ~ 2Ax3lm 73/33 + /2l/r5 + /1/31 + /iq/is 

fbf 35 ~ f23fiT ~ fefm - f2Afi8 + 2BRe fef^^ + f23fis ~ f^fm ~ 



i/sr+i/ior-i/rr- 

+ AAx^Re [/9/2*7 + /10/28 - /8/26 - /7/25 + 

/£* £ /■* I £ £* £ £* 

10/27 ~ /9/28 + /25/8 - /26/7 : 

£ £* I £ £* £ £^ £ ^* 

/1/13 + /3/15 ~ /6/18 ~ /5/17 
+ 2AxsRe 

- 2BRe 



^+2Ax2Re^f,,f;, + f2if;,- 

£ £* I £ £* I £ £* I £ £* £ £* 

/3/33 + /21/15 + /1/3I + /19/13 ~ J5J35 ' 

£ £^ I £ J?* £ J?* £ £=¥ 1 

/6/35 + /23/18 ~ /5/36 ~ /24/17 + 



/£* £ £ £=¥ I £ £^ 1 £ £^ 

24/17 ~ /15/19 ~ /31/3 + /13/21 + /33/1 



711 = 2AxiRe 

2Ax3Re 
2BRe 

712 = 2AxiRe 



fisfL + /is/rej + ^Ax2Re [uf;, + fssf^ + 

/15/34 + /16/33 + /13/32 + /l4/3*l ~ 

3I/16 + /32/15 — /33/14 ~ /34/13 , 

/1/2 + /3/:] + 2Ax2Re [/i9/2*o + /21/22] + 2^a;3i?e [/3/2*2 + 



34 



/4/21 + f2fi9 + fifw ~ '^BRe /19/4 + /20/3 - /21/2 - /22/r 



713 = 2AxiRe 

2AxzRe 
2BRe 

714 = Ax I Re 



/9/ri + /l0/r2j + 2Ax2i?e [/27/2*9 + /28/30J + 
/9/2*9 + /lo/3*0 + /ll/2*7 + /l2/2*8 + 
10/29 + /12/27 ~ /9/3O ~ /II/28 ' 

+ Ax2Re /19/32 + /2o/3*i + 



/l/u + /2/r3 + /3/16 + /4/15 



/21/34 + /22/33] + AxsRe [/i/3*2 + /2/3*i + 722/1*5 + fsfL + 

74/3*3 + /19/14 + /2o/r3 + /2i/r6 - BRe /i5/2*o + /le/ig + /31/4* + 
32/3 ~ /13/22 ~ /14/21 ~ 733/2 ~ /34/1 



715 = -Axilm /i/*4 + /2/i*3 + + /4/r5 - ^^2lm h^fl^ + /2o/3*l + 

/2l/3*4 + /22/3*3] " Ax^rU [/i/*^ + /2/3*i + /22/i*5 + /3/3*4 + 
/4/3*3 + /19/14 + /20/r3 + /2l/r6 " BIm /l5/2*o + /le/ig + /31/4* + 



32/3 ~ /13/22 ~ /14/21 ~ /33/2 ~ /34/1 , 

716 = Ax^Re M*^ + fnfi7 + fsfw + fufis + Ax^Re ^5/3*2 + ^6/3*4 + 

/29/3*5 + /30/3*6 + Ax^Re fif^^ + /25/r4 + /l8/3*0 + /36/r2 + 

/17/29 + /35/ri + hfli + f2&fiQ + BRe /12/35 + /29/r8 ~ /11/36 ~ 

30/17 + /14/26 + /34/7 — /I6/25 ~ /32/8 , 

717 = Ax.Re [/2/; + + A/n + UPl^ + ^^^Re [/2o/2*5 + /22/2*6 + 

/23/29 + /24/30] + Ax^Re [/5/2*9 + /23/ri + ^/ae + /22/8 + 

/2/25 + /20/7 + /e/so + /24/r2 + BRe /e/ag + /23/r2 - /5/30 ~ 

/r* I p I p p^ p p* p p* 

24/11 + /26/2 + /7/22 ~ /25/4 " /8/20 > 

Vt/u + /ll/r7 + fsfw + fl2Ks] - A^2lm [/25/3*2 + /26/3*4 + 

30/3*6 + Ax^Im -/7/3*2 - /25/r4 + /l8/3*0 + /36/r2 + 

/l7/2*9 + /ss/n — /8/3*4 ~ /26/r6 + BIm — /l2/3*5 — /29/r8 + 



7i8 = -Axilm 

129/35 + /3o/3*6 



35 



11/36 + /30/17 + /14/26 + /34/7 — J16/25 ~ /32/8 



7i9 = Axilm 



hf7 + A/s + /s/ii + 76/1*2 



+ Ax2lm 



/20/25 + 



722/2*6 + /23/2*9 + /24/; 



/30 



Ax^Im 



/5/2*9 + /23/ri + /4/2*6 + 



/22/8 + /2/25 + /20/7 + /6/30 + /24/r2 



+ BIm 



/23/12 ~ /5/30 ~ /24/11 — /26/2 ~ 77/22 + /25/4 + /8/20 



^2Q^ AxiRe 



frf 13 + /lo/is + /s/lS + fdf 17 



+ Ax2Re 



/25/31 + 



/26/3*3 + /28/3*6 + /27/3*5 



+ AxsRe 



frfsi + /25/r3 + /18/28 + 



/36/10 + /17/27 + /35/9 + fsfss + /26/r5 



+ BRe 



/10/35 + 



27/18 ~ /9/36 ~ /28/17 + /13/26 + /33/7 ~ /15/25 ~ /31/8 



^21^ AxiRe 



/1/7 + hfs + fbft + /e/io 



+ Ax2Re 



/19/25 + /21/26 + 



/23/2*7 + /24/2*8 



+ Ax2,Re 



hf 27 + /23/9 + /3/2*6 + /21/8 + 



/l/2*5 + /19/7 + /6/2*8 + /24/; 
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BRe 



76/27 + 723 /lO ~ 75/28 ~ 



24/9 + /26/1 + /7/21 ~ /25/3 ~ /8/19 



722 = —Axilm 



frf 13 + /lo/r8 + /8/25 + /q/u 



Ax2lm 



f 25/31 + 



h&f 33 + /28/36 + /27/35 



+ Ax3lm 



"/7/31 - /25/r3 + /18/28 + 



/r^ I r I p p^ p p=¥ p p* 

36/l0 + /17/27 + /35/9 — /8/33 ~ /26/15 



+ BIm 



"/lo/; 



35 



+ 



27/18 + /9/36 + /28/17 + /13/26 + /33/7 ~ /15/25 ~ /31/8 



723 = Axilm 



/1/7 + fsfs + hft + /e/io 



+ Ax2lm 



f 19/25 + /2l/2*6 + 



/23/27 + /24/28 



+ Ax3l'm 



/5/27 + /23/9 + /3/26 + /21/8 + 



/1/25 + /19/7 + /6/28 + /24/ro 



+ BIm 



p J?* I P P^ P P^ 

J6J27 + /23/10 ~ /5/28 ~ 



24/9 - /26/1 — /7/21 + /25/3 + /8/19 



36 



10 Appendix B 



Here we present the expressions for the structure functions Pi, {i = 1 — 13), 

— * 

which determine the tensor Pij. These structure functions, defining the nucleon 
polarization vector P, are written in terms of the scalar amplitudes /j {i — 
1, 36) determining the 7* + d — > A + A?" reaction. 



3^x3 

f26fl7 + 



* 

18 



Pi = ImQi, P2 = ImQ^, P3 = ReQi, P4 = ReQ2, 

1 /g/ss + /10/3I + /27/r5 + +f28f*3 ~ fTfm ~ /s/ss ~ hbf: 
■ 2;/ll/34 + 2^/12/3*2 + ^f29fl6 + ^/so/m + 

£ \ £ £* I £ £* I £ £* £ £* ■/*■/** -f -f* 

/8/36 + /IO/33 + /25/17 + /27/13 ~ /7/35 ~ /9/3I ~ /26/18 ~ 
/28/r5 + ^ f 12 fu + +Zf29fl4 " ^/ll/32 ~ ^/so/ie , 

/27/21 + /28/r9 ~ /25/24 ~ /26/23 + ^/29/2*2 + ^hofw + 
/9/2I + /10/19 + 727/3 + +/28/1 — 77/24 ~ /8/23 ~ J25Je 
/26/5 + ^/ll/2*2 + ^/l2/2*0 + ^f29fl + ^/3o/2* + 

/8/24 + J 10/21 + J25/5 + J27/1 — /7/23 ~ /9/19 ~ /26/6 ~ 



02 = 



2 . 



-B 
3 



/28/3 + ^/l2/2*2 + ^729/2* ~ Zfllfw ~ ^fsofl ) 

P5 = ImQ3, Pq = IniQi, P-j = ReQ^, Pg = PeQ4, 

= ? A., [a/. + - m:. - /i„/r. + ./iiA. - ./i2/i-e] + 

/27/31 + /26/3*6 ~ /25/3*5 ~ /28/33 + ^/29/32 + ^hofu + 

£ £* I i" i** I £ £* I i" i"* i" £* £ £* £ £* 

/9/31 + /8/36 + /26/18 + /27/13 ~ J7J35 ~ /10/33 ~ /25/17 

/28/15 + ^/ll/3*2 ~ ^/l2/34 + ^/29/l4 ~ ^/so/l* 



2 



2 , 

3>lX2 



1 16 



3 



I £ £^ I £ £* £ £* £ £^ £ i"* 

, + /9/33 + /10/31 ~ /25/18 ~ /27/15 ~ /26/17 
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/28/l3 + 



2 

Q4 = -Axi 



hfi + /s/e - /t/s - /10/3 + ^/ii/2* - ^hifl + 

/26/24 + /27/r9 ~ /25/23 ~ /28/2I + 2^/29/2*0 ~ ^/3o/2*2 + 
/9/19 + 78/24 + /26/6 + /27/1 — 77/23 ~ /10/21 ~ /25/5 ~ 
/28/3 + ^hlfio ~ ^/l2/2*2 + ^729/2 ~ ^hofl + 

24 + 78/23 + /9/2I + /10/19 ~ /25/6 — J26J5 — J27J3 ~ 

^* I r r I r r 



2 , 
3A.2 



3 

/28/] 



4 r 

Pg^--Im<.Axi 



3 

AX2 

^a;3 
-10= 3 

AX3 

B 

^''^ 3 

AX2 

AX3 

B 



+ AX2 /l9/2*l + /25/2*4 + ^/2o/22 + 



/31/33 + /as/se + ^/32/34 + 

/l3/3*3 + /l7/3*6 + /31/15 + /35/r8 + ^fufu + ^h^fit 
/is/se + /17/35 + +hlf*3 + /33/r5 + ^/32/r4 + ^hiflQ |) 

= -^/m{yla;i [/J* + /s/e* + ;^/2/4*] ^ 

/1/21 + 75/24 + /19/3 + 723/6 + ^72/22 + ^720/4 + 

/6/24 + 75/23 + /21/3 + /19/r + ^/20/2 + Zhfi\ }, 

4 r r 1 

= --/m|Axi ^/r/* + /9/*o + 2;/ii/r2j + 

/25/26 + /27/28 + ^hdfm + 

JtHq + /9/2*8 + /25/8 + /27/ro + ^fllfsO + ^hdfu + 
/9/27 + /10/28 + /23/7 + /26/8 + ^h^fto + zfiif2Q |, 

-P12 = -ImQ^, Pi3 = -ReQ5, 

/19/33 + /23/36 ~ /21/3I ~ 724/35 + ^/20/34 ~ ^/22/32 + 
/1/33 + /5/36 + /19/15 + /23/18 ~ /3/3I ~ /6/35 ~ /21/13 " 



^a;2 

/24/r7 + Z, 



'hfu ~ ^/4/32 ~ Zf22fi4 + zf2Qfi6 



+ 
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hhb + hJm + /19/13 + /21/15 ~ /1/31 ~ /3/33 ~ /23/17 ~ 



11 Appendix C 



The relations between the hehcity amphtudes and the scalar amplitudes are 
given here: 



hi = -^{cos^(/3 + h) - sm^(/2i + /26) + cos2^(/9 - h) + 
sin^ i?(/28 - /24) - sin i9cosi?(/io - /e + /27 - /23) - 



ho 



hi 



El 



COS^?(/i9 + /25) + Sin^9(/i + /t) + COS=^ ^{f28 " /24) + 



Ma 

Sin^ ^?(/9 - /g) + sin ^ cos ^?(/io - /e + /27 - /23) 
^ -^{- + /s) + Sini?(/2i + /26) + COS^ ^(/g - /5) + 

sin^ i?(/28 - /24) - sin i9cosi?(/io - /e + /27 - /23) + 

2 A [cos l?(/i9 + /25) + sin + /7) - COS^ l?(/28 - /24) - 

2 



/l3 = 



sin ^?(/9 - /g) - sin ■§ cos ^?(/io - /e + /27 - /23) 
1 a; r 

-^;^-^|cosi?(/4 + cos?9/ii) - sini?(/22 - sin^^/so) 

£"1 r 

Sini?C0S1?(/i2 + /29) - 2— COS1?(/20 + COS1?/3o) + 



sin d{f2 + sin + sin § cos ^?(/i2 + f2%) 
1 CJ J 



cos^?(/4 - cos^?/ii) + sini?(/22 + sini?/3o) - 



sini9cosi?(/i2 + /29) + 2 



Ma 



COS1?(/20 - COS1?/3o) + 



sin ^?(/2 - sin i^/n) - sin d cos 'i?(/i2 + 729) 

h^ = - + ^i^^(^21 - /26) - COS^ ^(/9 + /s) - 

Sin^ ^?(/28 + /24) + sin ^ COS i?(/io + /e + /27 + /23) + 



'Ma 



COS ^(/i9 - /25) + sin ^{h - fl) + COS^ ^(/28 + /24) + 
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sin^ ^{U + f,)+sm^ cos ^{f^ + /e + /27 + /23) 

^ - /s) - Sin^(/2i - /26) - COs2^(/9 + /s) - 

sin^ ^?(/28 + /24) + sin ^? COS i?(/io + /e + /sr + /23) + 



El 



COSi?(/25 - /19) + Sint?(/v - /i) + COs2i?(/28 + /24) + 



Ma 

sin^ ^(/g + /g) + sin ^ cos ^(/lo + /e + /27 + /23) 
-^{- cos ^(/i + /v) + sin ^(/i9 + /25) + cos^ ^(/lo - /e) 

Sin^ 1?(/27 - /23) + sin 1? cos ^^(/g - /s + /24 - /28) + 

Ma 

sin^ i?(/io - fa) + sin 1? cos i?(/9 - /s + /24 - /28) 



cos i?(/2l + /26) - Sin i?(/3 + /s) + COS^ i?(/27 - /23) 



-i={- cosi?(/i + /v) + sini?(/i9 + /25) - cos^ i?(/io - /e) + 



2^ 

Sin^ l9(/27 - /23) + sin cos 1?(/5 - /g + /28 - /24) 



'Ma 

,2 



COS7?(/2l + /26) + Sin^(/3 + fs) + COs2^?(/27 - /23) - 



sin^'(?(/io - /e) - sin i? cos '(^(/s - /g + /28 - /24) 

-^;^-^|-cosi?(/2 - cos^9/i2) +sini?(/2o - sin^^/ag) + 

El 



sin^?cosi?(/ii-/3o)+2 



Ma 



- COS^?(/22 - C0S1?/2g) - 



sin 'i?(/4 + sin "dfu) + sin cos — /• 



30 J 



1 iU 



2V3MI 

sin^9cos^?(/3o-/ii)+2 



cosi?(/2 + cos't?/i2) + sini?(/2o + sini?/29) + 
Si 



MaL 



COS1?(/22 +C0ST?/2g) 



sin'i?(/4 — sin'j?/i2) — sin'i?cos'i?(/ii — /; 



30) 



= -^{cost?(/i - fj) + sin^?(/25 - /19) - cos'^^ifw + /e) + 

Sin^ 1^{f 27 + /23) - sin cos ^?(/5 + /g - /28 - /24) + 



COS^(/2i - /26) + Sin^?(/3 - fs) - COS^ ^?(/27 + /23) + 



2A 

Ma 

sin^ ■i?(/io + fe) - sin cos ^{f^ + /g - /28 - /24) 
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hi2 = -^|cost9(/i - h) + sin^(/25 - /19) + cos2^?(/io + /e) 

Sin^ i?(/27 + /23) + sin 7? cos t?(/5 + /g - /28 - /24) + 



El 



COS ^(/2i - /26) + Sin ^(/3 - /g) + COS^ ^(/27 + /23) - 



Ma 

Sin^ ^(/lo + /e) + sin cos {^{f, + /g - /28 - /24) 



h 



13 



COS i?/i5 - sin i?/33 - sin^ i^/ae - cos^ i?/i7 + 
El 



2^3 I 

Sini?COS1?(/i8 + /35) +2 



Ma 



C0S1?/3i +COS 1?/36 



sin ^?/i3 + sin^ i^fn + sin cos i?(/i8 + 735) 



_ Q 0; 



El , 

- cos 1?/i6 + Sm 1?/34 + 2—— ( cos 1?/32 + Sm 1?/i4 

-/Wa 



^15 = + C0S1?/i7) - sini?(/33 - sini?/36) - 



sin^COSi?(/i8 + /35)-2 



El 



M/> 



cos^?(/3i + cosi^fsa) + 



^16 = 



sin t?(/i3 + sin i^/ir) + sin cos i?(/i8 + /ss 

^ cos ^?(/i3 - cos 'dfis) + sin ^?(/3i - sin 'df^i^) + 

El 



2VS 

sini?COSi?(/l7-/36) +2 



Ma 



-COSi?(/33 - COS^^/ss) - 



/ll7 = - 



sin i?(/i5 + sin i^/ig) + sin 1? cos i?(/i7 - /ae) 
Q a; 

- cos (77 14 Sm 'f/732 - 

A 

- cosi?(/i3 + cosi^/is) + sini?(/3i + sini?/35) + 
El 



a/6M 

Q 



- COS ^?/i4 + sin i?/32 - 2-^ (^cos ^?/34 + sin -dfiQ^ 



sini?cosi?(/36-/i7)+2 



M. 



-COSi?(/33 + COSl?/35) - 



h 



sini?(/i5 - sini^/is) + sini?cosi?(/36 - /17) 

^ ^COS^(/l+/7)-sin^(/l9 + /25) + 



sin cos l9{fg - /s + /24 - /28) + COS^ '(?(/io - fe) + 
Sin2l9(/23 -/27) 

1 



20 



2V2 



COS^(/l + /7)-sin^(/l9 + /25) + 



sin 1? COS 1?(/5 - /g + /28 - /24) " cos^ 1?(/io - /e) + 
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hoi = - — 



Sm^1?(/27 - /23) 

1 u 
2M 

sin^?cosi?(/3o - /ii) 



- cos 'j?/2 + sin 'df2o - cos^ 'dfi2 + sin^ 'i?/29 + 



h 1^ 

Ai22 = -- — 



COS T?/2 - sin T?/2o - cos^ i?/i2 + sin^ 1^/29 + 



2M 

sin?9cost?(/30 - /n) 
1 



23 — 


2v/2 




-h- 




1 


24 = 


2V^ 




-/s- 




1 


25 = 






-h- 




1 


26 = 


2a/2 




-/e- 




1 UJ 



COS1?(/7 - /i) + Sini?(/i9 - /25) + Sini?COS1?(/24 + /28 



cosd{fj - fi) + sini?(/i9 - /as) - sin^9cosi?(/24 + /: 



28 



/2.3J 



/l27 = 



/i28 = 



29 



COS 7?(/3 + /s) - sin t?(/2i + /26) + sin cos t?(/27 + /lO 



COS 1?(/3 + /s) + sin 1?(/2i + /26) + sin 1? cos T?(/27 + /lO 



2 ^ COS i?/4 - sin i?/22 - cos^ - sin^ 1^/30 + 

sini?COS7?(/i2 + /29 
1 UJ 

~2M 

sin^?COS^?(/i2 + /29) 

1 

2V2 

+/6 + /23) + COS^ ^(/9 + h) + Sin' ^(/28 + /24) 



— COS ■i?/4 + sin ■i?/22 — cos' — sin' -dfso + 



COSi?(/3 - /s) + Sini?(/2i - /26) - Sini? COSt?(/27 + fio 



^30 = 



'2V2 



COS'i?(/3 - /g) - Sin'i?(/2i - /26) - 

sin ^ COS ^(/27 + /lo + /e + /23) + cos' ^(/9 + /s) + 

sin' ^?(/28 + /24) , 



- COS -dfis + sin i?/3i + cos' -dfis - sin' 1^/35 + 
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h32 
h33 



sm^?cos^?(/i7 - /se) 
■ -y^ (sin i?/32 - cos t^/u) , 



V2 
Q 
2 



cos i?/i3 - sin ^9/31 + cos^ i?/i8 - sin^ 1^/35 + 



h34^ — 



sini?cosi?(/i7 - /36 



cosi?/i5 - sini?/33 - COS i?/i7 - sin i^/gg + 



^35 

^36 



Sin^?C0Si?(/i8 + /35) 

~ ^ ^ (sill ^/34 - COS -(^/le) , 

Q 
2 



cos ^?/i5 + sin 'df33 - cos^ -dfn - sin^ ■t?/36 + 
sini9cosi?(/i8 + /35) 



where Q = \/— /c^/fcg, i?i = (W^^+M^— m^)/2W^, and /cq, cu, £"1 are the energies 
of the virtual photon, deuteron, A- isobar, respectively, in the '-/* + d A + N 
reaction CMS, k'^ is the square of the virtual photon four-momentum, and 
is the angle between the virtual photon and A-isobar momenta. 

Let us present here for completeness, the inverse relations, i.e., the expressions 
for the scalar amplitudes in terms of the helicity amplitudes: 



/i = ---^|cosi?(/ii9 + ^20 - ^23 - ^24) +ysini? 



"\/3(/i2 - hi + h^- 



/2 
/3 

h 

h 



he) + /i25 - ^26 - ^29 + h3o 

M 



cosi?(/i2i + ^22) + ?/sini?(A/3/i3 - a/3/i4 + ^2% - hn) 



-;^|cOS^?(/i25 - ^26 - ^29 + ^3o) " Siu 1? 



/il2 

M 

1 



"\/3(/i7 + /i8 - hii 

+ /li9 + /i20 ~ ^23 ~ ^24 |, 

cos'j?(/i28 - ^27) + y sini?("\/3/i9 + "\/3/iio + /i2i + ^22) 



= — ^ COS 

a/2 

h3o) 



y 



h 



23 



sin 'i?(/ii9 - /i20 + ^23 - ^24) - COS 'i?(/i25 + ^26 + ^29 + 

A/3(/i7 + /ill - /is - /il2) + /i20 + /i24 " /ll9 
a/3(/Ii + /l5 + /l2 + ^e) + ^25 + ^26 + ^29 + ^30 |, 



H — ^ sin -i? <; cos § 
v2 



sini? 
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CDS'!? 

V2 



COS'(?(/li9 - /l20 + ^23 — ^24) + Sin'J?(/l25 + ^26 + ^1% + 



^30 
/i30 



y 

^ sin'i?<| cos-i? 



\/3(/ii + /l2 + ^5 + ^e) + ^25 + ^26 + ^29 + 
\/3(/i7 + /ill - /is - /il2) + /i20 + /i24 - /il9 - /i23 |, 



---^|cOS'l?(/li9 + /l20 + ^23 + ^24) -ySVa.-& "\/3(/li - /l2 + /l5 
^e) ~ ^25 + ^26 ~ ^29 + ^30 
--^|cOS1?(/l26 - /i25 - /i29 + ^3o) + 2/ sill 1? \/3(/i7 + /^S + /ill + 
^12) + ^19 + ^20 + ^23 + /i24 



= COS 7? 

\/2 



y 

V2 



Smi!}{hig - /i20 - + /i24) " COS'(?(/i25 + /i26 " ^^29 " 



sin-t^s cos'd 



^23 ~ ^24 
1 



'V2 



COS'S 



y 



Mr 

UJ I 



< cosi? 



V3(/i7 - /is - /ill + /il2) + /i20 - /il9 + 
V3{hi + /l2 - /i5 - /ie) + ^25 + ^26 - ^29 - |, 
COS1?(/li9 - /i20 - /i23 + /i24) + sin'f?(/i25 + /i26 " /i29 " 

\/3{hi -\-h2-h5- he) + /i25 + ^26 - ^29 - 
V3{h7 - /ill - /is + ^12) + /i20 - ^24 - /il9 + ^23 |, 



H sin'i9<^ cost? 

a/2 



COS1?(/l27 + /i2s) + Sini?(/l22 - /i2l) 



"\/3/l4 + /l27 + ^2s) - C0S'd{V3hg - VShio + /l22 " /i2l) |, 

M r 

< CO 

CO I 



COS 'j?(/i22 - /i2i) - sin 'i?(/i27 + /i2s) + ?/ sin 

"\/3/l4 + /l27 + /i2s) + sinf?("\/3/l9 - VShio + /l22 - /i21 

1 

Q <^ 
1 



COS 



Q 

Q 00 



cosi?(/i33 - /i3i) +ysm-d{V3hi3 - Vsh^ - hse + hsi) 

- cos 'i?/i32 + y sin 'i?(-\/3/ii4 + h^^) 
cos^?(/i34 - /ise) + |/sin^?(A/3/ii6 - Vshis - /i33 + /isi) 
cos ■j^/iss + y sin i?("\/3/ii7 + /i32) 
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/17 = ^{C0S^ 



sini?(/i3i + /133) - cosi?(/i34 + /ise) 
sin ■j?("\/3/ii3 + "\/3/ii5 + /i34 + hse) + 



18 



COS??(V3/ll6 + \/3/ll8 + /i31 + hss) 



cost? 



ysin-d 



C0S1?(/l3i + /l33) + Sini?(/l34 + /l36) 
COS'i?(-\/3/ii3 + VShi5 + /I34 + /i36) + 

sm 



+ 



/i9 = ;^{^^" ^(^19 + ^20 - ^23 - ^24) -ycosd V3{h2 - hi + h5- ho) + 



^25 ~ ^26 ~ ^29 + ^30 

M 



20 



a; 



Sini?(/l21 + /i22) + ?/C0S1?(v^/l3 - V^/l4 + /l28 " ^2?) 



/2I = --^|sini?(/i25 - /l26 - ^29 + ^30) + t/COS^? A/3(/i7 + /l8 - ^11 



-/I12) + /il9 + /i20 - /i23 - /i24 
M 



22 



a; 



/23 = -;^sini? 



^30) 

^30 



sini?(/i27 - ^23) + y cos'j?("\/3/i9 + "\/3/iio + /i2i + ^22) 

Sini?(/ii9 - /i20 + /i23 - /i24) - COS1?(/i25 + ^26 + ^^29 + 

\/Z(hi + /l2 + ^5 + ^e) + ^25 + ^26 + ^29 + 
V^{h'j + /ill - /is - hi2) + /l20 + ^24 - /il9 - ^23 |, 
COS1?(/li9 - /l20 + /i23 - h2A) + sini?(/i25 + ^^26 + /i29 + 



y 

1= cos'j?-^ sini? 



— COS'J? 



h. 



30 J 



^ cofi'd\ cos'& 

V2 



h. 



30 



+ sin-d 



\/3{hi + h2 + h5 + he) + /i25 + h2e + /i29 + 

V3{h7 + hu - /is - hi2) + /i20 + /i24 - /il9 - /i23 |, 



/25 = ;^|smi?(/li9 + /l20 + /i 



23 -r 'i24 



ycos'd 



V3{hi + /l5 - /i2 - 



he) + /l26 + /i30 - /i25 - /i29 

1 r . 



/26 = ---^|sin7?(/i26 + /i30 " /i25 " /i29) - COS 



V3(/i2 + /i6 + ^11 + 



/i?) + /i20 + h24 + h25 + h 



29 
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/2r = ;^sin^ 



h 



h 



■30 



1 



y 

+ --j= cos'd\ sin-i? 



— COS1? 



/28 = ^sint? 



1/ 



Sin'(9(/li9 - ^20 - ^23 + h2i) — COS'J?(/l25 + ^26 " /i29 " 

\/3(/il + /l2 - ^5 - ^e) + ^25 + ^26 - ^29 " 
\/3(/l7 - /is - /ill + /il2) + /i20 - hig - /i24 + /i23 |, 
COS ■J?(/li9 - /l20 - h22, + /?'24) + Sin ■J?(/l25 + /i26 " /l29 " 

A/3(/il + h2- h- he) + /i25 + /i26 - /i29 - 
\/3(/l7 - /is - /ill + hi2) + /i20 - - /i24 + /i23 |, 
Sini9(/i2i - /i22) - COS'J?(/i27 + /i28) 
sin'i?(\/3/i3 + \/3/i4 + /i27 + /i28) - 
C0S'd{V3hg - VShio + /i22 - /i2l) |, 



/i30) 

+ sint? 
729 = — <^sin?i' 



H ;= CDS'!?-! CDS'?? 

V2 



ho 
M 

ycos-d 



+ 



+ 



ycos'd 



/32 — 
/33 = 



C0S'J?(/i21 - /i22) + Sin'i?(/i27 + /i28) 
COS 'i?(-\/3/i3 + -\/3/i4 + /i27 + /i28) + 
Smi?("\/3/i9 - "\/3/iio + /i22 - /i2l) |, 

sini?(/i3i - /iaa) + y cosi?(\/3/ii3 - \/3/ii5 - /ise + /i34) 
a/2M 



„ _V2M 

734 — -7^ 



/35 = ^<lsini? 



y C0S1? 



Sin'i?/i32 + yCOS'J?(\/3/ii4 + /i35 
Sini?(/i36 - /i34) + y C0S1?(v^/ii6 - V^/iis - /i33 + /i3l) 

- sin i?/i35 + y COS ■J?(v^/ii7 + /i32) 

COSi?(/i34 + /i36) - Sin'f?(/i3i + h2,z) 
sin ■(?(\/3/ii3 + A/3/ii5 + /i34 + /i36) + 



COS^?(V3/ii6 + VS/ils + /i31 + /i33) |, 



/se — 



1 



Q 

ycos-d 



sini? 



Sini?(/i34 + h^o) + COSl?(/i3i + /i33) 
COS ■J?(v^/ii3 + V^/ii5 + /i34 + /ise) - 
sin??(\/3/il6 + \/3/ii8 + /i31 + /i33) 
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where y = MaW/(W^ + Ml - m^). 
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In this Appendix, we present the formulas for the structure functions which de- 
termine the hadronic tensor Hij for various polarization states of the deuteron 
target for the 7 + 6? A+A^ reaction. The structure functions are expressed in 
terms of the scalar amplitudes gi {i = 1, 24) determining the 7 + 0? — > A + iV 
reaction. 

• Unpolarized deuteron target. 

The hadronic tensor Hij{0) is determined by two real structure functions ai 
and 



02 



+ 



r2 



+ 



2rsRe{gigl^ + ^3^15 + g^g^^ + g^g^^ + r^2^u + rgigW + 
2r^Re{gQgl^ - g^gl^ + ^15^1 - ^13^3 + rgi^^gl - r^i4^I)|, 
2 



3 

^2 



ri 



I^IqI^ + 1520^ + 1521^ + 1522^ + + ^1524^ 



+ 



+ 



2r3Re{g7glg + g^gl^ + g^gli + 5'85'2o + f 9^922, + rgug^) + 
2riRe{gwgl^ - g^gl^ + 5'2o5'7 - 9x^91 + '^5'i25'23 - ^5'ii5'24) h 



where we introduce the notations 



l-(l-72) sin^^? 
-1 = 2 ' 



1 — (1 — 7^) cos^'j? J 
^ — ' ^3 



1 



2 + ^2«i^2^' 



1 



2 + 7' 



7 



2MaW ' 



(46) 



where Ma, M and m are the masses of the A-isobar, deuteron and nucleon, 
respectively; W is the total energy of the AiV pair in CMS of the 7-l-d — > A-|- A" 
reaction, is the angle between A-isobar and photon momenta. 



Vector polarized deuteron target. 
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The hadronic tensor Hij{^) is determined by six structure functions hi {i — 
1-6) 



bi = -2 V^J 



m 



rii929l + 9i93) + ^^2 (^14^1*3 + 9169I5) + ^3(52^/1*3 - 9i9u + 



9i9*i5 - 9z9m) - r4{gigiG + 949^3 - 929i5 - 939u) 



-2^1 



m 



rii9u99 + 9129I0) + ^'2(923921 + 524^22) + ^3(912922 + 



924910 - 9119*21 - 99923) + ^4(912921 + 99924 - 9109*23 - 911922) , 
63 = —ImEi, 64 = —ReEi, 

El = ri{ggg^ + g^gl - g^gl - g^gl) + r2{g2ig*i7 + ^22^18 - 9i99*i3 - 

9209*15) + ^3(9109*18 + 9229I - 979*13 - 9l99*l + 92l9*5 - 989*15 + 

999*7 - 9209*3) + '^4(510517 + ^21^6 - 999*18 - 9229*5 + 9s9l3 + 9199*3 - 

979*15 -92o9t), 
h = -VrImE2, &6 = -^/rReE2, 

E2 = rii9792 + 989*4 - 9ii9*5 - 9i29l) + 'r2{9i99*i4 + 92o9l& - 9239*n - 

9249*18) + '^'■i{.979*14 + 9199*2 - 92491 - 9129*18 + 989*IG - 9239*5 + 

9209*4 - 9ii9*n) + ^^4(^24^/5 + ^n^is " 92391 - 9i29*n + 92o9*2 + 
979*i& -9199*4 - 989u)- 



• Tensor polarized deuteron target. 

The hadronic tensor Hij{S) is determined, in this case, by ten structure func- 
tions Ci {i = 1 — 10) which have the following expressions in terms of the 
^ + d ^ A + N reaction amplitudes 



ci = 2ri 



\92\ 



\94\ 



k\95\' + \9e\') 
r 



2r9 



|5'14| 



\9l6\ 



-d^irr + 1^181') 
r 



+ Ar3Re 



949*ie + 929*14 - -{959*17 + 9&9*i8) 



C2 = 2ri 
1 



4r4-Re gi4gl - g^^gl - -{95918 - 969i7) 

r 

|2 I I |2 ■'■('I |2 I I |2\ 
^11 + ^12 - -(^7 + ^8 ) 

r 



+ 2r2 



I 1 2 I 1 2 

|5'23| + 15*24 1 



(I519I + \920\ ) 



r 

Ar^Re 



+ Ar3Re 



911923 + 912924 - -{98920 + 979*19) 



+ 



9129*23 - 9ll9*24 - -{9209*7 - 91991) 



C3 = 2ri 



I |2 I I |2 I |2 I |2 

IS-il + \92,\ - \95\ - \9g\ 



+ 2r2 
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99 



939*15 + 9l9*l3 - 959I7 - 969*18 



969i7 - 959i8 + 9n93 - 9ib9*i 



C4 — 2ri 

\920 

Ar4Re 
C5 = 2riRe 



\9io 
+ Ar^Re 



\97\ - \9s\ 



2r, 



\92l\ 



99921 + 910922 - 98920 - 979I9 



1922] — \9l9\ — 

+ 



9io9*2i - 999*22 + 9i99l - 9209*7) 



9i92 + 939i 



+ 2r2Re 



9i39u + 9i59i6 



+ 2r3Re 



939l6 + 



949i5 + 929i3 + 9i9*u 



Cg = 2riRe 



999*1 + 9io9*i2 



- 2uRe 
+ 2r2Re 



9139I + 9ii9*3 - 91592 - 9169*1 



921923 + 922924 



+ 2r^Re 



99923 + 



+ 2uRe 



910923 + 9129*21 - 999*24 - 911922 



9l09*2i + 9ll9*21 + 9129*22 

C7 = ReEs, cs = ImEs, 

E3 = ri{g29*7 + 949*8 + 9h9*ii + 969*12) + r 2(9149 w + 9i6920 + 

^17^23 + ^18^24) + ^3(^5^23 + ^17^1*1 + ^4^20 + ^16^8 + 
929I9 + 9149*7 + fi'6fi'24 + 91^9*12) + '^4(969*23 + 9n9*12 - 95924 

9l89u + 929*20 + 9l69*7 - 949*19 - 9149*8 

cg = ReEi, Clo = ImE^, 

E4 = riigig^ + 939*8 + 959*9 + 969*io) + (^13^1*9 + 9i59*2o + 

9179*21 + fi'l8fi'22) + '^3(959*21 + 9n9*9 + 5'35'20 + 9l59*8 + 
9l9*19 + 9l39*7 + 5'65'22 + 9189*1q) + r 4(96921 + 9l79w " fl'5fl'22 
5'l8fi'9 + 9l920 + 91597 - 939*19 - 91398)- 
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In this Appendix, we present the formulas for the structure functions which 

— * 

determine the hadronic tensor Pij describing the nucleon polarization in the 
7 + d — > A + A" reaction. The structure functions dj, (i — 1 — 6), are written 
in terms of the reaction scalar amplitudes: 



di — ImRi, d2 — ReRi, 
2 

'9993 + 9io9i - 9796 - 9895 + r9ii94 + r9i292 



9229I3 - 9199*18 - 9209*17 + '^^23^16 + ^9249*14 



2 



f ■^r2 \92i9i5 
999*15 + 9io9*i3 + 
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92193 + 9229i - 979i8 - 989i7 - 91996 - 92095 + r9ii9i6 + 

2 



r9l29u + f 9239*4 + ^92492 



989*18 + 9io9*i5 + 9i^9l + 92i9*i 



979*17 - 9 A - 92096 - 92293 + ^9129*16 + ^92392 - r9ll9u - ^9249*4 



^3 = /mi?2, d4 — ReR2, 

r. . . . . 

R2 = -r^ 999i + 9896 - 9795 - 9io93 + ^9ii92 - ^91294 



9219*13 - 9W9*17 - 9229*15 + '^523^^4 " ^9249*16 



2 

H To 

3 



9209*18 + 



2 



999*13 + 58^18 + 



92096 + ^21^1 - ^7^17 - 9l09l5 " ^19^5 " ^22^3 + '^i'll^M " ^912916 + 

2 r 

979*18 + 9s9*i7 + 999*15 + 9io9i3 - 9i99*6 - 



r92392 - T92494 



92095 - 92193 - 9229l + f9l29l4 - ^92394 + f9ll9l6 - f 92492 



4 

--Im{ ri 



9l9*3 + 959*6 + ^929*4 



+ r2 



9139*15 + 9199*18 + r9i49*i6 



+ 



^3 



9l9*15 + 55t/t8 + 5l3«/3 + ^17^6 + ^929*16 + ^9149*4 



+ r4 



56^18 + 



^5^1*7 + ^15^3 + ^^13^1 + ^^14^2 + ^929*4 



dp. — 



4 

--Imi ri 
3 ^ 



979*8 + 999*10 + ^i'ii£'r2 



+ r2 



5'l9fl'20 + fl'219'22 + ^9'239'24 



+ 



^3 



^7^20 + ^9^22 + ^19^8 + 92l9l0 + ^^^11^24 + ^9239*12 



+ r4 



^9^21 + 



9l09*22 + 91797 + 5'205'8 + '^5'125'24 + f 911923 



References 



[1] G. E. Brown and W. Weise, Phys. Kept. 22 (1975) 279; L. S. Ferreira and 
G. Cattapan, Phys. Rept. 362 (2002) 303. 

[2] V. Pascalutsa, M. Vanderhaeghen and S. N. Yang, Phys. Rept. 437 (2007) 125. 

[3] R. De Vita et al. [CLAS Collaboration], Phys. Rev. Lett. 88 (2002) 082001 
[Erratum-ibid. 88 (2002) 189903]. 

[4] A. V. Klimenko et al. [CLAS Collaboration], Phys. Rev. C 73 (2006) 035212. 

[5] B. Krusche and S. Schadmand, Prog. Part. Nucl. Phys. 51 (2003) 399. 

[6] A. L Sanda and G. Shaw, Phys. Rev. D 3 (1971) 243. 

[7] H. J. Weber and H. Arenhovel, Phys. Rept. 36 (1978) 277. 

[8] W. Weise, Nucl. Phys. A 278 (1977) 402. 



50 



[9] E. Tomasi-Gustafsson and M. P. Rekalo, arXiv:nucl-th/0009052. 

[10] H. J. Lipkin and T. S. H. Lee, Phys. Lett. B 183 (1987) 22. 

[11] F. de Jong and R. Malfliet, Phys. Rev. C 46 (1992) 2567. 

[12] H. Arenhovel, M. Danos and H. T. Williams, Nucl. Phys. A 162 (1971) 12. 

[13] A. M. Green and P. Haapakoski, Nucl. Phys. A 221 (1974) 429. 

[14] P. Haapakoski and M. Saarela, Phys. Lett. B53 (1974) 333; M. Gari, H. Hyuga 
and B. Sommer, Phys. Rev. C 14 (1976) 2196; R. Dymarz and F. C. Khanna, 
Nucl. Phys. A 516 (1990) 549; Phys. Rev. C 41 (1990) 828. 

[15] I. Sick, Prog. Part. Nucl. Phys. 47 (2001) 245; R. A. Gilman and F. Gross, J. 
Phys. G 28 (2002) R37. 

[16] G. I. Gakh, A. P. Rekalo and E. Tomasi-Gustafsson, Annals Phys. 319 (2005) 

150. 

[17] V. D. Burkert [CLAS Collaboration], arXiv:071 1.1703 [nucl-ex]. 

[18] A. N. Ivanov, H. Oberhummer, N. L Troitskaya and M. Faber, Eur. Phys. J. A 
8 (2000) 125. 

[19] D. Allasia et al, Phys. Lett. B 174 (1986) 450. 

[20] H. Braun et al, Phys. Rev. Lett. 33 (1974) 312. 

[21] B. S. Aladashvili and et al. [Dubna- Warsaw Collaboration], Nucl. Phys. B 89 
(1975) 405. 

[22] M. J. Emms et al, Phys. Lett. B 52 (1974) 372. 

[23] R. Beurtey et al., Phys. Lett. B 61 (1976) 409. 

[24] P. Benz and P. Soding, Phys. Lett. B 52 (1974) 367. 

[25] O. Benhar, N. Farina, H. Nakamura, M. Sakuda and R. Seki, Phys. Rev. D 72 
(2005) 053005. 

[26] J. Carlson and R. Schiavilla, Rev. Mod. Phys. 70 (1998) 743. 

[27] K. S. Egiyan et al. [the CLAS Collaboration], Phys. Rev. Lett. 98 (2007) 262502; 
P. E. Ulmer et al., Phys. Rev. Lett. 89 (2002) 062301. 

[28] O. Benhar and D. Meloni, Phys. Rev. Lett. 97 (2006) 192301. 

[29] O. Benhar, D. day and I. Sick, Rev. Mod. Phys. 80 (2008) 189. 

[30] L A. Schmidt, Phys. Rev. D 21 (1980) 3090. 

[31] J. Bleckwenn, H. Klein, J. Moritz, K. H. Schmidt and D. Wegener, Nucl. Phys. 
B 33 (1971) 475; J. Bleckwenn, J. Moritz, K. H. Schmidt and D. Wegener, 
Phys. Lett. B 38 (1972) 265; M. Kobberling, et al, Nucl. Phys. B 82 (1974) 
201; R. V. Ahmerov et al., Yad. Phys. (in Russsian) 21 (1975) 113. 



51 



[32] P. Barreau et ai, Nucl. Phys. A 402 (1983) 515; Z. E. Meziani et ai, Phys. 
Rev. Lett. 52 (1984) 2130. 

[33] I. G. Ivanter, I. V. Yakovleva, Yad. Phys. (in Russsian) 6 (1967) 1251. 

[34] D. SchifF, J. Tran Thanh Van, Nuovo Cim. A48 (1967) 1. 

[35] E. A. Ivanchenko and A. S. Omelaenko, Ukr. Fiz. Zh. (Ukr. Ed. ) 22 (1977) 
922. 

[36] M. P. Rekalo, G. I. Gakh, A. P. Korzh, Ukr. Phys. J. (in Russsian) 32 (1987) 
327. 

[37] M. P. Rekalo, G. I. Gakh and A. P. Rekalo, Yad. Fiz. 29 (1979) 211. 

[38] S. Boffi, C. GiTisti, F. D. Pacati, M. Radici, Electromagnetic Response of Atomic 
Nuclei, Oxford University Press, Oxford, England, 1996. 

[39] D. Schildknecht, Z. Physik 185 (1965) 382; 201 (1967) 99. 

[40] G. Von Gehlen, Nucl. Phys. B 26 (1971) 141. 

[41] S. Boffi, C. Giusti and F. D. Pacati, Nucl. Phys. A 435 (1985) 697; 

[42] A. Picklesimer, J. W. Van Orden and S. J. Wallace, Phys. Rev. C 32 (1985) 
1312. 

[43] J. Mandeville et ai, Phys. Rev. Lett. 72 (1994) 3325; P. Bartsch et ai, Phys. 
Rev. Lett. 88 (2002) 142001; S. Dolfini et ai, Phys. Rev. C 51 (1995) 3479; 
S. M. Dolfini et ai, Phys. Rev. C 60 (1999) 064622. 

[44] F. M. Renard, J. Tran Thanh Van, M. LeBellac, Nuovo Cim. 38 (1965) 1688. 

[45] A. L Akhiezer, V. B. Berestetskii, "Quantum Electrodynamics", Interscience 
Publ., New York-London, 1965, Ch. L2. 



52 



